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Preface 


The farming sector is mainly responsible for the world’s food needs; however, 
land degradation, contamination, poor agricultural techniques and practices, and 
urbanization are diminishing this resource. Therefore, given the rapidly increasing 
world’s population, soil must be considered to be just as important as other 
natural resources like water and air. Soil has billions of organisms which initiate 
chemical, biological, and physical processes required for fiber and food production, 
growth of the plant, and removal of contaminants from water, hence, an integral 
component of an efficient farming ecosystem. Soil has many applications in 
human life: as a foundation of structures that cannot be supported by rocks, as a 
widely used material in the construction section, as a way to supply antibiotics 
to fight diseases, and as storage media for important gases (e.g. O2, CO2, and 
CH3). Moreover, measures should be taken to prevent corrosion, soil movement, 
groundwater seepage, and other environmental effects to ensure that underground 
infrastructure (pipelines, tunnels, and basements) can function properly. The U.S. 
government spends billions of dollars to find and solve groundwater and soil 
contamination due to hazardous material, e.g., deliberate and accidental chem¬ 
ical spills, nuclear weapons production, pipeline ruptures, etc. Therefore, it is 
imperative to understand the soil ecosystems so that it can efficiently be used in 
meeting world’s food demands. Moreover, this quote by Franklin D. Roosevelt 
A nation that destroys its soils destroys itself still holds true today. 

Many credible national and international organizations like National Science 
Foundation (NSF), The Directorates for Engineering (ENG) and Geosciences 
(GEO), the Science and Technology Facilities Council (STFC) of United Kingdom 
Research and Innovation (UKRI), the Division of Integrative Organismal Systems 
in the Directorate for Biological Sciences (BIO/IOS), the Division of Computer 
and Network Systems in the Directorate for Computer and Information Science and 
Engineering (CISE/CNS) in collaboration with the US Department of Agriculture 
National Institute of Eood and Agriculture (USDA NIEA), the Engineering and 
Physical Sciences Research Council (EPSRC), the Natural Environment Research 
Council (NERC), and the Biotechnology and Biological Sciences Research Council 
(BBSRC) encourage countries to do convergence and utilize underlying soil 
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capabilities to their full extent using sensor and modeling systems. To that end, 
a collaborative effort from interdisciplinary researchers, scientific community, and 
funding agencies is required to develop advanced sensors, sensing systems, wireless 
communication systems, soil models, and cyber systems for complex problem¬ 
solving through education and outreach. 

Lack of in-situ site-specific measurements of biological, chemical, and physical 
properties hinders the knowledge of dynamic soil changes. Currently, these prop¬ 
erties are being measured by either laboratory methods using soil samples from 
the sites or soil models to predict soil states. However, these methods are based on 
limited data and unreliable assumptions. Therefore, it is important to develop sens¬ 
ing systems which provide advancement in detecting spatio-temporal dynamic soil 
changes. The sensor systems must have the capabilities to communicate wireless 
data being generated from the sensor, integrate with other available information, 
and generate analytics to observe spatial and temporal properties of managed and 
unmanaged soils. It is not possible to detect the soil health through signals, the 
term “healthy soil” has a proper definition. Therefore, it is important to integrate 
fundamental science and engineering knowledge to design a capable sensing 
system. To that end, skills from different departments, e.g., biological, atmospheric, 
hydrological, biogeochemical, geological sciences, and engineering are combined 
for assessment and monitoring of functional and sustainable soil. Furthermore, the 
sensor system will need advanced ground penetration, data transmission, dynamic 
modeling, data analytics, and visualization tools. The purpose of the research is to 
develop awareness and understanding about the soil so that it can be managed using 
new and innovative ways. It will also help in understanding the interaction between 
soil and the life (e.g., plants, microorganisms, etc.) supported by it. 

Signals in the Soil adds new empirical and analytical results to the body of 
knowledge which enables researchers and industry professionals from the public 
and private sectors across the world to accelerate research on underground wireless 
communication, sensing, and networking technologies. It presents diverse and 
unique next-generation loT applications in urban and rural areas. It is an excellent 
book for graduate students, academic researchers, and industry professionals, 
involved in communication, sensing, agriculture, and bio-systems research. 

This book provides an understanding of the most recent developments in 
Signals in the Soil (SitS), from both the theoretical and practical perspectives. It 
identifies and discusses technical challenges and recent results related to improving 
wireless underground communications and sensing in Internet of Underground 
Things (lOUT). It covers both existing network technologies and those currently 
in development in three major areas of SitS: wireless underground communications, 
subsurface sensing, and antennas in the soil medium. It explores new applications 
of Internet of Underground Things in digital agriculture and urban underground 
infrastructure monitoring. 

Signals in the Soil is an essential reference book for advanced students on courses 
in wireless underground communications and Internet of Things. It will also be 
of interest to researchers, communication engineers, system and network planners, 
technical managers, and other professionals in these fields. There is no book on 
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the market that discusses wireless underground communications and Internet of 
Underground Things. Currently, this audience gets information about this topic from 
different sources (e.g., IEEE conferences, COMSOC tutorials, IEEE journals and 
transactions articles, and web forums). The purpose of this book is to transform 
information from these scattered sources into a comprehensive and easily accessible 
knowledge body. 

Signals in the Soil is split into four parts: Physical Layer for Wireless Under¬ 
ground Communications, Underground Antenna, and Radio Interface Technologies; 
Novel Soil Sensing Techniques; Internet of Underground Things Advancements; 
Applications in Urban Underground Infrastructure Monitoring and Real-time Soil 
Monitoring and Irrigation Automation. It starts by introducing emerging technolo¬ 
gies in wireless communications in the soil medium before moving on to cover 
propagation models, soil properties, and beyond; beamforming, antenna arrays, and 
MIMO; capacity and path loss analysis; empirical and statistical channel models 
in lOUT; underground antenna design; cross-layer and environment-aware protocol 
design and energy harvesting and power transfer, moving toward the applications in 
digital agriculture and urban underground infrastructure monitoring; and more. This 
valuable resource: 

• Provides a comprehensive reference for all aspects of Signals in the Soil, 

• Eocuses on fundamental issues of wireless underground communication and 
subsurface sensing in an easy language that is understandable by a wide audience, 

• Includes advanced treatment of lOUT custom applications of variable technolo¬ 
gies in the field of digital agriculture and covers protocol design and energy 
harvesting, 

• Eeatures research developments and open research challenges in subsurface 
sensing, 

• Provides a detailed set of path loss, antenna, and wireless underground channel 
measurements in novel indoor and field testbeds. 

The intended audience for Signals in the Soil: Developments in Internet of Under¬ 
ground Things are graduate students, precision equipment technicians, academic 
researchers, field applicators, industry professionals and managers, dealerships, and 
digital agriculture sales specialists. There are many such individuals in academia 
and digital agriculture technology business, which is mostly targeted to the appli¬ 
cations of technology in big and small agricultural fields. Moreover, the use of 
digital agriculture technology in diverse topographic and soil texture fields is 
also expanding. To effectively utilize enormous data being generated from the 
agricultural farms, this book has introduced technologies which are useful for data 
collection, design of decision tools, interpretation, and real-time decision-making in 
the field. 


West Lafayette, IN, USA 
August 2020 


Abdul Salam 
Usman Raza 
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1.1 Introduction 

Wireless underground communication (WUC) is becoming popular because of its 
secured deployment methodology, i.e., concealed far below the ground. Under¬ 
ground communication was first observed in World War; however, its use was 
limited to radio propagation techniques only. V. Fritsch and R. Wundt conducted the 
experiments, in 1938-1940, to study the propagation of radio waves in underground 
coal mines using small transceivers deployed below the ground. Although the 
communication range varied depending upon the nature of the coal; however, they 
were successfully able to achieve an overall range of upto 1000 feet. In 1942, they 
conducted another experiment at the depth of 2000 feet; however, the experiments 
were conducted in 100 feet thick salt mine instead of coal mine. For the salt mine 
experiment, a battery operated horizontal dipole antenna was used as transmitter and 
receiver. They performed voice communication using the amplitude modulation. 
The experiment was performed with extreme care and intelligence to avoid extrane¬ 
ous noise or any other added radio signals at transmitter. It was made sure that no 
measurable wave existed on the earth surface so that true underground propagation 
can be studied. Moreover, transmitter and receiver were separated by a carefully 
planned distance. A range of 15 km, i.e., 9-1/2 miles, was successfully achieved 
for voice communication. Since then, underground communication has come long 
way with improvement in methodologies and equipment. This Chapter discusses 
the potential and challenges of underground communication. The organization the 
Chapter 1 is shown in Fig. 1.1. 

Smart farming [6, 23, 36, 54, 114, 148, 179, 180, 182, 183, 228, 244] is an 
agricultural management process which exploits the spatio-temporal changes in 
crop, soil, management, and production with new technologies to improve the 
farming experience. Smart farming employs large number of wireless devices to 
sense crop-related data and send this data to a central control room or server center 
[158, 243]. In recent years, sensing technologies have evolved a lot. These advanced 
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Fig. 1.1 Organization of the chapter 


sensing methods are then combined with adaptive input applications (e.g., adaptive 
application of fertilizers) and soil mapping methods for efficient operation. 

In recent years, evolution and advancement in sensing technologies have risen the 
demand of high data rates and increased communication range. As per the reports 
of Cisco’s visual networking index [28], 11.6 billion devices are predicted to be 
connected via Internet by 2020. The vastness of this number can be realized by 
the fact that population of the world is predicted to be 10 billion by 2050, i.e., 
even less than the predicted number of connected devices by 2020. To fulfill food 
requirement of such a huge population of the world, it is imperative to utilize smart 
farming methodologies for a better and cost-efficient crop production through timely 
decision making and conserving natural resources. To that end, it is important to 
achieve an ubiquitous connectivity on the farms by using underground wireless 
communications channel [184, 243, 244]. 

Wireless underground communications (WUC) applications can be classified 
into various categories [154, 164, 172]. Some of them, for example, include: 
environment monitoring, e.g., precision agriculture and landslide monitoring, infras¬ 
tructure monitoring, e.g., preventing leakage and urban infrastructure monitoring, 
application for determining location can be helpful in locating people stuck in disas¬ 
ter, and security monitoring applications, e.g., to detect infiltration at border through 
concealed underground devices. Figure 1.2 shows some of these applications [153]. 

WUC and conventional wireless networks differ mainly in the communication 
medium they use. WUC sensor nodes communicate through soil, whereas over- 
the-air (OTA) terrestrial wireless network uses air as a medium to communicate. 
The signal propagation in soil is never investigated properly before, in fact, 
electromagnetic (EM) wave propagation was not even considered a viable option 
for underground (UG) communication. Therefore, feasible options and solutions 
are explored to develop a power-efficient UG communications. 

There is a lack of detailed wireless channel model because of the challenges 
experienced in developing a power-efficient UG communication system which also 
hinders the protocol development in WUC. To that end, existing literature was 
studied in detail along with a very detailed and time-intensive experiments [195- 
199]. The results from these experiments were analyzed over a period of 18 months 
to generalize performance of an UG communication channel. A summary of those 
results can be found in [191]. It was observed that many soil parameters (e.g.. 
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Fig. 1.2 Use of wireless underground communications (WUC) in different areas 

soil texture and moisture and irregular soil surface) and antenna parameters (burial 
depth, antenna design, and operating frequency) have effect on UG communication. 
It substantiates the fact that performance of an underground channel can highly be 
affected by the spatio-temporal environmental factors leading to a unique correlation 
of communication systems, i.e., both information data and communication medium, 
with environment. Hence, in addition to operational and deployment factors, these 
parameters should also not be overlooked while analyzing an underground channel. 

A wireless underground communications (WUC) model has been developed and 
presented in [191]. The model focuses on propagation model rather than antenna 
problem. This WUC model determines the total signal attenuation and the BER 
(bit error rate) using three-wave components (direct wave (DW), reflected wave 
(RW), and lateral wave (LW)), dielectric soil properties prediction model, and the 
signal superposition model. In contrast to existing literature, WUC model captures 
the gain from the directivity of special antennas instead of simple insulated dipole 
[182, 183]. However, to avoid over-complication of the model, antennas problem is 
not considered in this model because of a large number of antennas schemes. 

Silva [191] conducted in-situ experiments without considering lateral wave 
component. However, if lateral waves are also considered along with special 
antennas, communication range can be increased with same transmitting power. The 
results obtained from the study helped in designing WUC systems. A strong multi¬ 
hop networking solution among the buried nodes can be achieved with long-range 
(distance >10 m) eliminating the topology dependency of aboveground devices. 
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In [191], authors have also shown that depth has high effect on communication 
performance. Through empirical evaluations, they observed that even a small 
change in depth can degrade the communication performance. The difference in 
communication performance between topsoil and subsoil is because of: 

• Soil parameters. Both, topsoil and subsoil, have different soil texture and soil 
moisture levels [44] which is the reason for the difference in communication in 
both mediums [6, 7,195]. For example, topsoil will have more soil moisture level 
as compared to subsoil during rain or irrigation because it takes time for water to 
reach subsoil area [225]. 

• Soil surface effects. LW and RW component plays an important role in high 
signal strength in topsoil region. Therefore, signal propagating through topsoil 
experiences much less attenuation as compared to the subsoil region. 

It is preferred to have a shallow deployment of UG nodes in WUC because 
of shorter propagation path in the soil causing signal to suffer less attenuation. 
However, the depth is highly application-dependent, e.g., for intruder detection, 
recommended deployment depth is 10 cm and sport field irrigation; however, for 
precision agriculture depth of 40 cm-100 cm is mostly recommended. 

Another method of underground communication, not given in Fig. 1.3, 
is Through-The-Earth (TTE). TTE is applied in areas like military UG 
communication, geophysical exploration, and mining. It is mainly used to 
communicate in emergency situations where people stuck in disasters, e.g., miners 
stuck in mines [16]. WUC & TTE, with all their similarities, face completely 
different set of challenges (see Table 1.1). For example, a typical depth considered 
for TTE deployment is very deep (hundreds of meters) as compared to WUC 
(few centimeters). Therefore, they are considered two different technologies in the 
literature [98, 178, 179]. 

It can be seen in Table 1.1 that most of the challenges are related to the 
physical layer. TTE struggles in traversing rocks with long-range communication, 
and WUSN struggles in long-range communication through soil. Soil moisture 
highly affects the subsoil communication [7, 195, 197], therefore, it requires cross¬ 
layer approach [7]. Moreover, WUC needs power-efficient nodes buried for long 
lasting operations. 

Relative permittivity of a soil depends upon the signal frequency and volumetric 
water content (VWC), therefore, signal frequency indirectly affects the strength 
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Fig. 1.3 The different types of networking in (WUC) [242] 
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Table 1.1 Typical aspects for Through-The-Earth (TTE) and WUC scenarios [191] 


Aspect 

TTE-based communication 

WUSN 

Frequency range 

VLF/LF 

VHF/UHF 

Maximum range (soil path) 

Up to hundred meters 

5 cm to dozen meters 

Bandwidth 

Very small: bps 

Small: Kbps 

Network topology 

One-hop 

One-hop and multi-hop 

Network density 

Sender-receiver or few nodes 

Hundred to thousand nodes 

Underground channel noise 

Very critical aspect 

Small impact 

Rock penetration 

Feasible 

Usually not feasible 

Soil moisture 

Small impact 

Very critical aspect 

Energy criticality 

Relatively small impact 

Very critical aspect 

Node cost 

Relatively high 

Small 

Communication protocol design 

Emphasis on the physical layer 

Cross-layer approach 


of the signal [18, 29]. In addition to the frequency, soil conductivity also has an 
effect on signal attenuation. This is contrary to the popular belief that signal is less 
attenuated under smaller frequencies. Hence, signal attenuation cannot be estimated 
from soil permittivity only, other soil parameters also contribute to the attenuation 
[18, 135]. 

Soil permittivity estimation has been investigated for a specific range of frequen¬ 
cies. All such studies conclude that frequencies around 1 GHz produce reasonable 
soil permittivity values and are suitable for practical wireless systems under 
300 MHz frequencies. However, as the frequency decreases, wavelength of the 
signal is increased, consequently, increasing the antenna size. Hence, very low 
frequencies, e.g., less than 300 MHz, are not feasible for WUC. In military WUC, 
the major requirement is to get longer communication range, e.g., less than 10km. 
To that end, military WUC uses HF to LF frequency band filter with huge antennas 
consuming more power. It is shown that the signal suffers with much less attenuation 
under UHF bands (300 MHz-3 GHz), and frequencies ranging from 300 MHz- 
1 GHz [195] which makes them optimal to be used in practical WUC [158, 185]. 


1.2 Types of Wireless Underground Channel 

WUC does not contain only UG nodes. Hybrid WUC is a combination of under¬ 
ground (UG) and aboveground (AG) nodes [6, 173, 180]. As hybrid WUC contains 
multiple types of devices, it also utilizes multiple type of links for communica¬ 
tion between them, i.e., aboveground-to-underground (AG2UG), underground-to- 
underground (UG2UG), and underground-to-aboveground (UG2AG). Figure 1.4 
shows one such hybrid WUC in an agricultural setup where various UG sensors 
nodes are communicating with each other from soil medium, through UG2UG 
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Fig. 1.4 Hybrid WUC architecture 


channel, with different AG nodes and vice versa. AG nodes, i.e., agricultural 
equipment and base station, send data to UG nodes through AG2UG channel. 
Similarly, UG nodes send data to AG nodes through UG2AG channel. Here, this 
book focuses on the characterization of WUC UG2UG channel. Moreover, other 
WUC channels, i.e., AG2UG & UG2AG channels, can be characterized using WUC 
channel model. 

Lateral waves have been extensively used in UG communications [25, 87, 151, 
153] and empirically evaluated by Huang [70], King et al. [87], and Vaziri et al. 
[238]. Special antennas (eccentrically insulated traveling-wave (EITW) antenna) 
are used for empirical evaluation. Underground lateral wave communication is 
empirically evaluated through following UG2AG experiment setup: burial depth 
is 40 cm, aboveground antenna and soil surface were separated by the distance of 
55 cm, transmit power level is maintained at 30 dBm, and frequency of 144 MHz is 
used. The study [87] was successful to achieve longer communication range of 50 m 
[170]. 

In [156, 171, 209], authors performed experiment to empirically evaluate 
UG2AG communication. The experiment setup for this study is given as follows: 
Terrestrial commodity sensors MicaZ [30] motes were used as UG node, operational 
frequency of 2.4 GHz, burial depths of 0 cm, 6 cm, and 13 cm, and transmit power 
level of 0 dBm was used. The experiments were performed in two sets of sender- 
receiver scenario. Both sets differed in distance between soil and receiver. For 
the first set, the receiver was kept on the soil (distance = 0 m) and the second set 
was performed with a distance of 1 m between soil and the receiver. The UG2AG 
communication was evaluated for two metrics: packet error rate (PER) and received 
signal strength (RSS). First experiment, with a distance of Om, was used as baseline 
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experiment to compare it with the second experiment. It was observed that node 
buried at 13 m depth was able to communicate at maximum horizontal distance of 
2.5 m and node at 6 cm depth achieved a maximum of 7 m horizontal communication 
range. Hence, it shows that attenuation is inversely proportional to the path covered 
by the signal in the soil. The study achieved the PER of 10 % [155, 157, 224]. 

In [22, 152, 161], a uni-directional UG2AG communication model was studied 
with an effect of reflection dielectric on the signal attenuation. The model is 
validated through laboratory experiments. The experiment setup was as follows: 
SoilNet was used as sensors node, operational frequency was 2.44 GHz, transmit 
power of 19 dBm was used, and sensor was buried at different depth ranging from 
5 cm to 9 cm. The strength of the received signal was measured by a soil probe. It 
was observed that for soil width of 1 cm-7 cm, signal attenuation was increased up 
to 25 dB. However, 10 dBm of attenuation was observed with 0 %-35 % increase in 
VWC of the soil [162,184]. Moreover, bulk density and bulk electrical conductivity 
had a negligible effect on signal attenuation. The results confirm the empirical 
results presented by Silva [191]. 

Tiusanen [227] and Salam [154] proposed a UG2AG communication model 
using a customized sensor node: Soil Scout. Following parameters were used for 
the experiments: operation frequency of 869 MHz, transmit power of -h 10 dBm, 
and an ultra-wide band elliptical antenna [139, 162, 167] was used for underground 
communication [226] and model validation. The model predicts signal attenuation 
on the basis of (a) reflection effects of a soil surface, (b) dielectric loss of the soil, 
and (c) refraction effect of EM waves at soil surface (angular defocusing). It was 
shown that wideband antenna radiation pattern is independent of soil texture and 
soil moisture and showed efficient radiation in different soil types with varying 
soil moisture levels. The study [159, 166, 227] was successful to achieve long 
communication range of 30 m and 150 m at the burial depths of 40 cm and 25 cm, 
respectively. 

In [146, 163, 168], experiments are performed using customized sensor nodes. 
The experimental setup was as follows: burial depth was 10 cm, operational 
frequency of 869 MHz is used, and transmit signal power was -h 10 dBm. Silva 
and Vuran [197] performs experiments for evaluating AG2UG and UG2AG com¬ 
munication links. It uses Mica2 motes as sensor nodes, operational frequency and 
transmitting power are 433 MHz and -h 10 dBm, respectively. Moreover, they used 
an ultra-wide band antenna [139] which resulted in significantly improved commu¬ 
nication range of 22 m and 37 m at the depths of 35 cm and 15 cm, respectively. 
Similarly, [199] performs AG2UG and UG2AG experiments with Mica2 motes for 
precision irrigation application [160, 169]. 

Although UG2UG communication has been investigated a lot in the existing liter¬ 
ature; however, there is still a gap in literature for detailed UG2UG communication 
channel characterization in subsurface soil region. Only few studies [7, 164, 165, 
195] have performed theoretical and empirical analyses of UG2UG communication 
link. Therefore, a detailed characterization of UG2UG communication channel is 
presented in the coming sections. 
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1.3 Underground Communications Overview 

Most commercially available solutions use over-the-air (OTA) communication solu¬ 
tions. One of the major challenges in implementing OTA solutions is their unknown 
environmental impact. WUC uses soil as a medium for wireless underground 
communications. There are many license-free solutions (e.g., ZigBee, Bluetooth, 
and DASH7) available for short-range communication. These are used in Industrial, 
Scientific and Medical (ISM) bands. Recently, FCC has loosened the restriction on 
using the TV white space frequencies for farms [42] (Order No. DA 16- 307 Dated: 
Mar 24, 2016). Interference with other licensed band is not expected in this space. 


1.3.1 Components of UG Communications 

In UG communications, UG nodes are completely concealed. It reduces the opera¬ 
tional cost and external impact from the environmental and weather changes [36]. 
UG nodes can communicate in any one of the two scenarios: (1) communication 
with devices above the ground termed as aboveground (AG) communication, (2) 
communication between the UG nodes is termed as underground (UG) communi¬ 
cation. Furthermore, soil-air interface affects the AG communication links. Due 
to interface, these links are not symmetric and must be analyzed for signals 
propagating in both directions, i.e., UG-to-AG and AG-to-UG. It shows that in order 
to achieve multi-hop connectivity, a practical distance for UG communication is 
limited to 12 m. For AG communication, a communication range up to 200 m is 
possible. If the UG communication medium is soil, it can affect the communication 
in the following ways: 

• Changes in Soil Bulk Density and Soil Texture: EM waves attenuate in the soil. 
Soil is composed of various components such as pore spaces, clay, soil, and silt 
particles. There can be 12 soil textures depending upon relative concentration of 
these components [45]. Bound water is the major component responsible for EM 
waves attenuation in the soil. The amount of bound water varies from one soil 
type to other. For example, sandy soil has less bound water from silt loam and 
silty loam, hence, it suffers from lower attenuation. Similarly, medium textured 
soils hold more water than coarse soils because of lower pore size. 

• Volumetric Water Content (VWC) of Soil: The effective permittivity of a soil 
is a complex number. Therefore, in addition to diffusion attenuation, EM waves 
suffer attenuation due to absorption of water content by the soil [34, 36, 193]. 
Dielectric spectra conductivity of the soil is dependent on VWC or soil moisture. 
Eor a dry soil, dielectric constant is in the range of 2 and 6 and conductivity 
is in the range of 10“"^ S/m-10“^ S/m. Eor a near-saturation level soil, range 
of dielectric constant is 5-15 and that of conductivity is in the 10“"^ S/m to 
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10“^ S/m [235]. Coherence bandwidth of UG channel is a few hundred kHz 
[173, 175, 176]. Coherence bandwidth changes with the change in SM which 
makes the designing process more challenging. 

• Distance and Depth Variations: EM waves attenuation also depends upon travel 
distance of the signals. WUC sensors are normally buried in the top sub-meter 
layer. Therefore, received strength of the signal varies with the distance and depth 
of antennas. In WUC, sensors are buried in both, subsoil and topsoil layers [197, 
199]. Burial at higher depth results in higher attenuation [173]. 

• Antenna in Soil: Return loss of a buried antenna varies due to high permittivity 
of soil [35]. Change in soil moisture levels changes soil permittivity which in turn 
causes variations in return loss. Resonant frequency is shifted to lower frequency 
spectrum due to change in return loss. Moreover, achieving high overall system 
bandwidth also becomes challenging for UG communications. 

• Change in Frequency: The path loss due to attenuation is frequency dependent 
[33]. High frequencies suffer high attenuation because of increased water 
absorption. The EM waves in soil have shorter wavelength as compared to EM 
waves in the air because of higher permittivity of the soil. Channel capacity in 
soil is also determined by operation frequency [35]. 

• Lateral Waves: Underground nodes communicate with each other using any 
one of the three major paths: direct, lateral, and reflected (LDR) waves [37, 
175,176, 181]. Direct and reflected waves are most effected by above-mentioned 
challenges because their complete travel path is through the soil. On contrary, 
lateral waves can travel along soil-air interface in air, hence, they experience 
lowest attenuation among all. Therefore, lateral waves are the most important 
component to consider while extending the UG communication range. 

• Developments in WUC: UG communications have evolved a lot since its 
inception. A lot of work has been done in characterization of UG channel and 
cross-layer communication solutions are proposed to get long communication 
range and achieve high data rate. In [181], authors capture and analyze impulse 
response of UG channel through detailed experimentation. 

A total of 1500 UG greenhouse testbeds has been developed to analyze the 
effect of soil moisture and soil texture on wireless UG communication channel. 
These experiments helped in developing main characteristic of wireless UG channel 
impulse response such as root mean square delay spread, coherence bandwidth, and 
power of multi-path components. It also validates main components of UG channel, 
i.e., direct, lateral, and reflected waves. The coherence bandwidth decreases with 
the increase in distance in soil, e.g., it is shown in [181] that a coherence bandwidth 
of less than 1.15 MHz can decrease further upto 418 kHz, if distance is increased 
for more than 12 m in soil [181]. Root mean square delay spread is affected by the 
soil moisture and it should adapt to change in soil moisture values. In [183], an 
important statistical model for UG multi-carrier communication and soil moisture 
adaptive beamforming is given for WUC solutions. 
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1.3.2 Examples ofUG Wireless Communication Systems 

WUC is being used in many applications: border patrol, precision agriculture, and 
environment monitoring. WUC mainly consists of two components: sensors and 
communication devices. These components are either completely or partially buried 
in the soil. WUC aims to provide real-time soil monitoring and sensing. In precision 
agriculture, WUC is mainly used for sensing and monitoring of soil and other related 
physical properties [6, 23, 36, 54, 57, 68, 84,114,173,177,182,214,226, 228]. The 
WUC is also being used to implement border monitoring for stop border infiltration 
[7, 218]. Other monitoring applications of WUC include pipeline monitoring and 
landslide monitoring [54, 214, 217]. 

Another important component of WUC is the wireless communication. There 
exist few models in the literature which represents underground communication. 
Underwater communication [19, 138] has same challenging medium as of under¬ 
ground communication. However, for underwater communication, acoustic waves 
[19] are used instead of EM waves due to very high attenuation of EM waves 
in the water. Acoustic propagation has its own disadvantages such as low quality 
of physical link and higher delays because of low speed of sound, extremely 
low bandwidth, challenging deployment, and size and cost of equipment. These 
disadvantages restrict the use of acoustic methods for WUC. 


1.4 Why UG Wireless is Different from Over-the-Air 
Wireless? 

Wireless underground communications with magnetic induction (MI) have also 
been studied in [93, 105, 114, 213, 219, 222]. However, signal strength of Ml-based 
solutions attenuates with the inverse cube factor and suffers from very low data rates. 
MI communication is also dependent on relative position of receiver and sender as 
it cannot communicate if both receiver and sender are perpendicular to each other. 
Eurthermore, long wavelength of the magnetic channel does not allow network to 
scale. These disadvantages and inability of communicating with the aboveground 
devices do not make MI solutions a feasible option for WUC. 

Some literature [34, 241] has given UG channel models without empirical 
validation. Integration of WUC with precision agriculture cyber-physical systems 
and center-pivot systems is given in [36]. Underground channel is empirically 
evaluated in [193, 197]; however, they did not consider the antenna bandwidth for 
evaluation. A 2-wave path loss model is developed in [241], without considering 
the lateral wave component. Path loss prediction model has been proposed in [22]; 
however, they did not considered underground communication. In [214], authors 
present an underground communication model for mines and road tunnels. However, 
it cannot be applied to WUC due to difference in wave propagation mechanism 
in tunnel and soil. A model is proposed by Dong and Vuran [34] for closed-form 
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path loss with lateral waves but this simple model cannot capture statistics and 
impulse response of the channel. Salam [182] presents the detailed characteristics 
of coherence bandwidth of the underground channel. 

There is no detailed discussion about the channel capacity in the literature. 
Capacity of single-carrier underground communication channel has been discussed 
in [35]. This discussion, however, does not consider a practical modulation scheme 
and does not perform the empirical validation. In [173], the authors analyze the 
capacity of multi-carrier modulation in underground channel using empirical values 
of coherence bandwidth, channel transfer function, and return loss of antenna. 
They used three different types of soil and under varying levels of soil moisture 
conditions. 

WUC antennas are different from traditional antennas used for OTA communi¬ 
cation because of deployment in soil. In 1909, Sommerfeld’s seminal work [208] 
laid the foundation of study of EM waves propagation. For the complete twentieth 
century, EM wave propagation in subsurface stratified media and effect of medium 
on EM waves have been investigated thoroughly in many works [12, 17, 20, 38, 
62, 120, 202, 221, 245, 250]. These studies use infinitesimal dipole of unit electric 
moment for analysis of electromagnetic fields. However, it is desirable to use finite 
size antenna with already known field pattern, current distribution, and impedance 
for practical purposes. Field calculations and dipole numerical evaluations for lossy 
half space were first studied in [128]. In [245], authors extensively analyze the 
propagation of EM wave along the interface. However, this work does not apply 
to underground buried antenna. Buried dipole was analyzed in lossy half space 
in [120]. The authors presented the ground wave attenuation factor of far-field 
radiation from UG dipole and depth attenuation factor using two vector potentials. 
However, it does not consider the current reflected from the soil-air interface. In 
[17], authors calculate the field component per unit dipole using Hertz potential. 
The difference between the study in [120] and [17] is that the former ignores the 
displacement current in lossy half space. Authors in [221] give the Hertzian dipole 
in an infinite isotropic lossy medium. EM fields are improved by considering lateral 
waves and half space interface in [88, 253]. 

Studies in [47, 86] analyze antennas in a matter where antennas EM fields have 
been theoretically derived in half space and infinite dissipative medium. These 
analyses assume perfectly matched dipole antennas, hence do not consider the 
return loss. Relative gain expressions of underground antennas are developed in 
[62, 250] without empirical results. The impedance of dipole antenna inside the 
solutions is evaluated in [75]. It discusses the effect of antenna depth, dipole 
length, and solution’s permittivity. However, this work cannot be used in WUC 
because of difference between soil and solutions permittivity. Moreover, it does not 
consider change in permittivity occurring because of soil moisture. Kesar and Weiss 
[82] studies the communication between the buried underground antenna without 
considering orientation and impedance of antenna. Another work [43] conducts the 
performance analysis of four antenna buried in refractory concrete. In this work, 
the transmitter is buried at 1 m depth and author does not consider the concrete- 
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air interface. Castorina [26] analyzes circularly polarized patch antenna. It does not 
consider the interface effect and antenna is buried at 3 cm depth in concrete. 

Current WUC applications and experiments calculate the soil permittivity by 
using soil dielectric model [7, 135] which evaluates to actual wavelength used for the 
antenna design [227]. In [227], an WUC-based elliptical planar antenna is designed. 
It, using the same frequency, compares the antenna wavelength in soil and air to 
determine the size of the antenna. However, this methodology lacks in providing 
impedance match. Zemmour et al. [258] present results from the experiments on 
Impulse Radio Ultra-Wide Band (IR-UWB) WUC without considering the effect of 
soil-air interface. Tokan et al. [231] design surface-based lateral wave antenna and 
does not consider the underground scenarios. 

Impedance change in soil causes disturbance. This is similar to the disturbance 
caused by impedance change of hand-held device in close proximity with human 
body [24, 229] or that by devices which are implanted in the human bodies [32, 52]. 
Experimental results obtained from these applications show that the human body 
contributes to performance degradation of antenna. Even these studies are similar, 
they still cannot be used in WUC because of the difference between the permittivity 
of soil and human bodies. Permittivity of human body is greater than the soil. 
Moreover, permittivity of human body is static, whereas soil has varying permittivity 
mainly dependent upon the moisture. Eor example, at frequency of 900 MHz, human 
body has permittivity of 50 [229] and that of soil with 5 % moisture is 5 [135]. 

Beamforming has been investigated for over-the-air wireless channel [11, 13, 39, 
101, 127, 143, 251] and MI power transfer [92]. However, there exists no work in 
the literature on UG beamforming. Using beamforming, lateral components [86] 
in UG communications can go to the longer distance which is normally limited to 
8 m-12 m owing to high level of attenuation suffered because of soil [182]. 

There has been discussion on soil permittivity and soil moisture in the literature. 
Here some of those techniques are discussed for comparison purpose. This compari¬ 
son will highlight the difference and similarities between different techniques. Some 
of the method used for quantifying water content in the soil includes: gravimetric 
method, GPR, TDR, capacitance probes, hygrometric techniques, tensionmetry, 
nuclear magnetic resonance, resistive sensors, gamma ray attenuation, electromag¬ 
netic induction, remote sensing, neutron thermalization, and optical methods. 

Eirstly, techniques which are used in laboratory for the soil properties estimations 
are discussed laboratory based. Authors in [66] uses soil density, soil moisture and 
frequency to derive EM parameters of the soil. The model restricted soil moisture 
weight to 20 % and it need rigorous methods of sample preparation. Authors in [31] 
develop a probe-based lab equipment which uses vector network analyzer (VNA) 
in the frequency range of 45 MHz-265 MHz. In [247], a model for estimating a 
dielectric permittivity of soil is developed on the basis of empirical evaluation. 
Authors in [33] develops dielectric permittivity model for frequencies greater than 
1.4 MHz. Peplinski in [135] modifies this model to work in the frequency range of 
300 MHz-1.3 GHz. A detailed survey for soil permittivity estimations is given in 
[31]. All of these methods are performed in laboratories and required soil sample 
from the site. Collecting soil sample from the soil is very labor intensive and do not 
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represent the in-situ soil conditions. Therefore, it is required to develop automated 
techniques for monitoring the soil moisture. 

Another approach of measuring soil properties is given in [125]. It is based 
on TDR and requires refractive index and impedance of soil. Toro-Vazquez et 
al. [232] propose a technique to estimate EM properties of soils for detecting 
Dense Non-Aqueous Phase Liquids (DNAPLs) hazardous materials using Cross- 
Well Radar (CWR). This technique transmits wideband pulse waveform in the 
range of 0.5 GHz-1.5 GHz. It also calculates soil permittivity with transmission and 
reflection simulations in dry sand. The well-explained survey on measurement of 
time-domain permittivity in soils is presented in [239]. For TDR-based approaches, 
it is required to install sensors at each experiment location. However, in order 
to make effective decisions in agriculture, real-time soil moisture sensing is the 
primary requirement. 

Many studies have been proposed to investigate antenna related soil properties. 
An attempt to measure electrical properties of earth using buried antenna has 
been proposed in [205, 206]. However, this method requires measuring the input 
reactance for obtaining electrical parameters of the material, and length of antenna 
is also required to be adjusted to get zero input reactance. Solimene et al. [207] 
use Fresnel reflection coefficients to estimate GPR-based soil permittivity with 
soil antenna. However, they do not provide empirical validation and also require 
a complex time-domain analysis. In [21], dielectric properties of soil are presented 
using wideband frequency domain and frequency range of 0.1 GHz-1 GHz. It uses 
impedance measurement equipment (LCR meter) and VNA. In [122, 249], complex 
dielectric properties of soil are measured using frequency domain method which 
requires placing soil in the probe. 

Soil moisture and permittivity can also be measured by using GPR method. 
Hislop [67] estimates ground permittivity by correlating ground dielectric prop¬ 
erties with cross-talk of early-time GPR signal. However, GPR method requires 
calibration and works only for shallow depths (0-20 cm). Furthermore, soil moisture 
measuring technique cannot be limited to a certain burial depth. 

Another important method of measuring soil moisture is remote sensing. Remote 
sensing has a high range of measurement [236] and is sensitive to soil water 
content [78]. There are two major types of remote sensing: active and passive. 
Passive remote sensing [85] has low spatial resolutions which can be improved by 
active remote sensing technologies; however, active methods limit the soil moisture 
readings to few centimeters of the topsoil which highly affect the readings taken 
[204]. Table 1.2 summarizes the existing work done in WUC. 


1.4.1 Limitations of Over-the-Air Wireless in Soil 

There are many research challenges facing by the development and widespread of 
WUC. These challenges must properly be investigated. A centralized networking 
solution for WUC can be classified into two architectures: (1) One with only buried 
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Table 1.2 Summary on WUC systems 


WUC systems 


Technology 

specific 

Ml-based 

[89, 90,93,93,100,105,114,213,215,219,220, 222] 
[55, 104, 106, 233] 

EM-based 

[64, 109, no, 187, 203, 246, 261] 

[5,51, 194, 200, 241,256, 256] 

[40, 53, 69, 76, 97, 157, 174, 176, 186, 211, 257, 259] 

Acoustic based 

[3,49, 83, 124, 129, 189] 

[4, 46, 58, 79, 134, 248] 

[9, 113,201,210,216, 237, 255] 

Channel modeling 

[111, 112, 192, 212, 213, 222, 254] 

Wired 

[10, 15, 65, 81, 99, 118, 140, 188, 260, 262] 

Application 

specific 

Agriculture 

[46, 53, 69, 129, 189, 194, 201, 246, 255, 257, 261] 

[61, 154, 171, 174, 176, 181, 259, 263] 

Drilling and telemetry 

[4, 9, 49, 58, 59, 63, 73, 74, 77, 113, 113, 124, 134, 

142,145,248] 

Oil and gas 

[5, 63, 96, 103, 107, 149, 187, 188, 260, 262] 

Irrigation 

[37, 117, 123, 126, 130-132, 263] 

Mining, monitoring 
and tracking 

[1, 2, 15, 71, 72, 81, 94, 99, 114-116, 188] 

[83, 119, 121, 144, 170, 210, 216, 223, 237, 264] 


UG nodes communicating with the AG node using UG links and (2) Hybrid WUC 
employing both UG and AG nodes (static and mobile) to communicate through UG 
and OTA links [6, 199]. Apart from OTA links, UG2AG and AG2UG links are also 
being used extensively. Therefore, multi-hop networking involving UG2UG links 
must be investigated in detail. 

A detailed analysis of UG2UG communication must be performed to address the 
WUC challenges. Although all challenges cannot be solved owing to the challenging 
environment of WUC; however, identifying and proposing solutions for the major 
challenges is also an important contribution to its development. To that end, the 
WUC research challenges are discussed below: 

A. Antenna problem. A radio communication can be analyzed theoretically in 
two phases: (1) the antenna problem and (2) the propagation problem. WUC 
model is an underground propagation model. A dipole antenna with an ideal 
isotropic radiation pattern can guarantee high accuracy with combination of 
generic antenna gains and initial decays. However, with unavailability of ideal 
antennas, more practical approach would be to introduce specialized antenna 
factor for DW, RW, and LW to achieve more accuracy. Furthermore, conducting 
empirical investigations using large number of different values for burial depths, 
transmit power levels, and VWC, can precisely address the antenna problem. 
Underground channel modeling with antenna problem is a very complex task. 
The complexity level increases manifolds even if one component of antenna 
problem is considered for modeling. To understand this issue, consider an 
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Fig. 1.5 Effects of the VWC on the ratio between antenna’s length and wavelength of the signal 
[198] 

example of the radiation pattern of the antenna and its implied directivity gain. 
Figures 1.5 and 1.6 show how VWC impacts the radiation pattern of an antenna. 
First, change in VWC changes the signal wavelength in soil which will also 
change the ratio between the signal’s wavelength and antenna’s fixed length 
(17.3 cm). The given values are from Mica2 mote (a 1/4 monopole antenna) 
antenna operating at 433 MHz. The ratio considers two times of 

Mica2 antenna length, e.g., 34.6 cm, and half the wavelength of signal in soil 
or air. The two-fold increase in length is mandatory because a 1/4 monopole 
antenna is same as 1/2 dipole antenna with ground structure representing half 
of the antenna. Therefore, 1/2 ratio for a half-wave dipole is shown for the 
comparison. VWC causes decrease in wavelength which in turn increase the 
length-wavelength ratio. 

Figure 1.6 plots the elevation pattern of a linear dipole antenna (oriented 
vertically) with length measured in terms of wavelength [234]. The change 
in ratio ( yyavelength ) represented using different radiation pattern 

(Fig. 1.6). VWC causes increase in ratio making the radiation pattern behavior 
monotonous. 

The antenna problem differs with type of antenna and orientation of antenna and 
should be addressed accordingly for each antenna scheme. However, all antenna 
schemes are not suitable for underground communications. Therefore, it is 
recommended to identify antenna schemes which can improve the performance 
of UG2UG, UG2AG, and AG2UG links to support WUC channel model with 
adding more antenna models. A possible solution is suggested along with the 
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Fig. 1.6 Volumetric water content effecting radiation pattern monopole antenna [198] 


results in [70, 87, 197, 199, 227, 238]. It uses an ultra-wide band antenna 
for UG2AG and AG2UG links and traveling-wave antenna to study lateral 
wave propagation in UG2UG links. An empirical investigation must be done 
to evaluate the solutions for different depth and transmit power level. 

B. Burial depth. In WUC model, burial depth can be defined as the distance 
between antenna center and soil surface. The existing results show a strong cor¬ 
relation between depth and communication performance. Hence, burial depth of 
sensors and radio modules has no effect on the model but antenna’s depth does. 
Adjusting to optimal depth can significantly extend the communication range 
along with a high-power transceiver. There are also some design constraints in 
WUC which cannot be violated, e.g., in crop irrigation, nodes must be below the 
topsoil region where plowing happens. 

The challenge is to deploy antenna in topsoil such that they are not affected 
by the mechanical activities in their vicinity. One solution is installing and 
removing nodes during such activities; however, it will increase the deployment 
cost. Apart from the increased cost, installation and calibration of soil sensors 
are also a time taking process. In some scenarios, where sensor(s) and processors 
are permanently fixed in subsoil, easy installation/removal is only possible for 
communication module near to soil surface (see Fig. 1.7). In such cases, sensors 
are fixed and only removable component is the long-range communication mod¬ 
ule. This module requires a short-range transceiver (with deeply buried sensor 
nodes) and a transceiver which enables communication between aboveground 
devices and other long-range modules. There is a need to investigate optimal 
values of burial depth (including dbg = 0) for such long-range module. 

C. Housing for the sensor nodes. In some WUC, concealment of sensor nodes is 
more important than the high depths. One solution is to use plastic boxes which 
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Fig. 1.7 The WUC deployment 


can conceal processor, communication module, and antennas. However, it has 
never been investigated in detail for UG2UG communication and preliminary 
experiments show completely different effects on communication performance. 
A scenario using stratified media (air/soil) must also be analyzed for UG2UG 
links in WUC. 

D. Direct and reflected waves. So far, communication through lateral waves has 
been presented as a power-efficient solution to achieve a long-range UG2UG 
communication. WUC model can be converted into a simple LW model. How¬ 
ever, it is not recommended to do so, because the short-range communication is 
mainly based on DW (Fig. 1.7). Some components of WUC model can also be 
used in development of UG2AG/AG2UG channel models. Inter-node distance 
can be increased using directional antennas and high-power transceiver. 

E. Lateral waves. There is a need of detailed empirical and theoretical evaluation 
of lateral wave propagation for UG2UG links in WUC. The results discussed 
are highly limited by the power-efficient transceiver and antennas. Special 
antennas and high-power transceivers must be used to achieve long-range 
communication. It will contribute towards complete validation of WUC model. 
Effect of using terminated traveling-wave antennas needs to be studied. These 
antennas were used for underground communication previously [70, 87, 238]. 
Therefore, these studies can be re-investigated for a typical WUC scenario 
with modified deployment parameters. The power requirements of multi-hop 
LW/UG2UG technique and centralized one-hop UG2AG/AG2UG must be stud¬ 
ied in detail to give extremely important power related guideline for developing 
WUC. 

It is also important to study the impact of snow, water, and obstacles in surface 
on UG2UG links communicating using lateral waves. The results from such 
studies can further complement WUC model. These studies can be used for 
security purposes, e.g., detecting intruder in border patrol application. The 
detection process uses the disturbance of wireless channel (Fig. 1.8). 
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Lateral Waves 



Fig. 1.8 Lateral waves can potentially be applied in security applications for WUC 


F. UG2AG and AG2UG channel models. A detailed channel model for UG2AG 
and AG2UG links must be developed. There exists no generic model which 
can be applied to all WUC. There are some preliminary empirical investigation 
done by Silva and Vuran [197, 199]; however, an in-depth theoretical analysis 
is still needed. Overall energy consumption requirement for such solution also 
needs to be investigated. Lateral wave propagation already has its application in 
UG2UG links. However, a comparative study for the power budgets of multi¬ 
hop LW/UG2UG approaches and centralized one-hop UG2AG/AG2UG should 
be done. 


1.5 Anatomy of a WUC Module 

The underground nodes currently used in WUC testbeds suffer from several 
shortcomings. These shortcomings lead to reduced communications performance in 
WUC, reduced experimental effectiveness, and higher costs. To address these faults, 
there is need of nodes tailored to WUC. The following capabilities are desirable in 
these nodes [191, 252]: 

Environmental Factors The current generation of WUC nodes is designed to 
support academic research being conducted primarily in a laboratory setting. 
Hence, the experiments do not consider many feature of uncontrolled outdoor 
environments. First, the WUC nodes cannot be reprogrammed without inter¬ 
facing to a special hardware board. If the devices are to be reprogrammed in 
the field, they must either be dug up, or each mote should be deployed with an 
additional hardware programming board. Digging up the WUC nodes is a time 
consuming and a difficult process. Deploying additional underground hardware, 
to reprogram the WUC nodes, is expensive and can further complicate the 
deployment process [191, 252]. 

Secondly, remote charging of the nodes is not possible. If a node’s battery 
ends during an experiment, a buried node must be dug up for the battery 
replacement. It is an extremely time-consuming operation, and the performance 
of an experiment may be suboptimal until the node is replaced [164, 169]. 
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Propagation While the current experiments demonstrate the viability of WUC, 
the performance could be further enhanced by tailoring the radio of the mote 
as per the requirement of the underground networks. The radios of the current 
WUC nodes are designed to communicate over-the-air. The parameters of the 
radios are not well matched to the WUC environment in terms of transmit powers 
and frequencies. The existing WUC nodes can be modified to better match the 
desired parameters; however, it is not as effective as choosing a radio specifically 
matched to the needs of a WUC node 1162]. 

Sensing The sensor packages that can be deployed with the current generation 
of WUC nodes do not collect all the information desired for an underground 
environment, or contain many extra sensors that are not useful for WUC. These 
added sensors increase the cost of deploying experimental testbeds. 

All of these areas can be improved by using a node designed specifically for 
WUC. To address these challenges, a WUC node should be designed to operate on 
a limited power reserves, monitor the underground environment, and communicate 
the results to aboveground nodes. The design of the different desirable aspects of a 
WUC node is given below 1191, 252]. 

(i) Transmitter/Receiver. A radio should have a high transmit power and be 
able to operate on a variety of sub-1 GHz frequencies that are suitable for 
WUC 1160]. The radio implementation can be modified to meet the specific 
requirements of the antennas and RF environment of WUC-application. It will 
increase the transmission range and capabilities of a radio device. 

(ii) Microcontroller. The microcontroller should be able to provide enough 
processing power 1182]. One such example of a microcontroller is MSP430 
which is extremely energy efficient and also extends the lifetime of the 
deployed sensors. The MSP430 can also interface to a variety of sensors, 
communication, and storage devices. 

(iii) Sensors. The WUC node should contain a built-in accelerometer and temper¬ 
ature probe with an ability of interfacing with an external soil moisture sensor. 
The combination of multiple sensors enables a node to accurately measure 
the characteristics of the underground environment. These measurements can 
help the radio to adapt to its environment in real-time. Accordingly, the sensor 
readings can be used to assess the viability of energy harvesting through kinetic 
vibrations 1173]. 

(iv) Data Repository. WUC nodes should have an on-board micro-SD card for 
storage. This large storage space can be used to store extensive sensor readings 
for a long-term monitoring of the underground environment. By adding a 
large storage capability, the system can sense at a much higher rate than 
it can transmit information. After an extended deployment, the information 
from nodes can be recovered, and a highly detailed model of an underground 
environment can be developed from the stored sensor readings 1183]. 

(v) Energy. WUC node should support a variety of energy sources with energy 
harvesting and external power transfer support that enables the system to 
sense at higher rates and operate for longer periods of time than the current 
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generation of WUC nodes [191,252]. Moreover, the nodes should also support 
recharging through a USB cable accessible from aboveground after the node 
has been deployed. Accordingly, the device can be recharged quickly in the 
field without removing and re-deploying a node in the testbed. The mote can 
also be enhanced with kinetic energy harvesting capabilities that will further 
increase the lifetime of the WUC nodes. 


1.6 Research Challenges 

The development in WUC has extended the research possibilities and brought some 
research challenges as well. Therefore, this section presents the research challenges 
in this area. Moreover, Table 1.3 shows the importance of these challenges in the 
different WUC applications. 

Deployment 

Deployment is a major issue in WUC applications because of the harsh underground 
environment [95]. The underground smart objects can easily be damaged by 
the aboveground activities, i.e., digging, plowing, harvesting. Therefore, node 
deployment is very difficult in WUC as compared to the terrestrial networks. The 
objects with high energy requirement should be deployed near to the surface so 
that frequent battery replacement can be done easily. High capacity batteries and 
power saving protocols can also be used to meet the requirement of high energy 
nodes. The deployment challenge become relatively severe in WUC applications 
such as seismic and Oil and gas exploration because of higher depth. Therefore, in 
[215], a Ml-based WUC is used with managed and organized orientation of coils 
to minimize the power reflection. Kisseleff et al. [90] 6-Freduce the complexity 
by using different deployment strategies (horizontal and vertical). One important 


Table 1.3 Research challenges for lOUT applications [150] 


Research challenge 

Agriculture 

Seismic exploration 

Oil and gas 

Deployment 

Medium 

High 

High 

Channel modeling 

Medium 

Medium 

High 

Transmission range 

Low 

High 

Medium 

Latency 

Low 

Low 

Medium 

Reliability 

Low 

Medium 

High 

Security 

Medium 

High 

High 

Scalability 

Low 

Medium 

Medium 

Robustness 

Low 

Medium 

High 

Networking 

High 

Medium 

Medium 

Cloud computing 

High 

Medium 

Low 

Fog computing 

Low 

Medium 

High 

Localization 

Medium 

High 

Medium 
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issue to consider is the path loss occurring due to heterogeneous nature of soil. 
Unfortunately, there is a very limited work on efficient WUC deployment which 
aims to solve this challenge along with the consideration of different operational 
parameters [157, 184, 186]. 

Channel Modeling 

The EM signal attenuation is much higher in soil as compared to the terrestrial 
networks [194]. The major factors contributing to high attenuation loss are the 
soil permittivity and conductivity which were also the reason for inception of the 
Ml-based WUC. Each layer of the heterogeneous soil affects the magnetic field 
differently. Given this behavior, [246] assigns a scaling factor to different depths. In 
[91], the authors study propagation though the soil by calculating the skin depth 
of each layer. Sun and Akyildiz [213] characterizes the path loss for Ml-based 
communication. Guo et al. [56] investigate the asymmetric transceiver to cope 
up with the case of coils misalignment in Ml-based WUC. Path loss has been 
extensively studied for each type of the wireless channel; however, few efforts 
have been made for WUC systems. Therefore, this area of WUC needs special 
consideration. 

Transmission Range 

Ml-based WUC with all its advantages, i.e., not effected by boundary effects and 
multipath fading [222], has a disadvantage of limited transmission range. This is 
because of high path loss in the soil. In [100, 215], authors proposed using relay 
coils to extend the transmission range. Similarly, [100, 133] proposed using super 
conductors and meta-materials for this purpose. Large coils were used in [107] with 
an aim of achieving high transmission range; however, it might not be a practical 
solution. Therefore, achieving the long communication range for buried nodes is an 
important research issue. 

Latency and Reliable Communication 

Latency and reliable communication is the primary requirement of all critical 
applications such as oil and gas exploration. Late or incorrect sensors reading 
can cause major disaster. WUC challenging environment is the major hindrance in 
achieving the reliable communication. Although the reduced latency and reliability 
is one of the major requirements of the conventional loT as well [173, 182]; 
however, in WUC, this issue needs more deliberation due to tough operating 
parameters and regulations on subsurface environment. It is not possible to meet 
the WUC communication requirement with any single system. Lor example, wired 
communication provides reliability and low latency, whereas wireless solutions are 
scalable with low complex. Therefore, it is important to develop a WUC with low 
latency, lower transmission delays, and minimized sensor failures. 

Security 

Security is the least studied aspect of WUC systems. WUC security includes 
security of equipment and security of communication protocols. Node replication, 
jamming the signal, and worm hole are few potential security attacks that can occur 
in WUC systems. A security breach can be used to raise false alarms. Responding 
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to the frequent false alarms can exhaust network resources. In [147], authors discuss 
the security issues (e.g., forward and backward security) and malicious attacks 
(e.g., node compromise attack) on a cloud-based loT. Authors in [41] use the data 
tagging technique for improved data security. They use information flow control 
(IFC) for this purpose. A secure loT architecture using host identity protocol (HIP) 
and datagram transport layer security (DTLS) is presented in [48]. Sicari [190] 
provides an extensive security survey in loT. These studies are targeted towards 
improving security in terrestrial networks; however, these can be modified to WUC 
environment by introducing underground operational constraints. For example, old 
oil and gas systems are being transformed to digital WUC systems. Therefore, it is 
required to update security of such globally connected systems which, otherwise, 
in an event of cyber attack, can lead to some disastrous situation. Blockchain 
technology can be also be used in WUC systems to deal with the cyber crimes 
[180, 185]. 

Scalability 

Scalability issues can rise due to the factors such as higher network density, high 
energy-consumption of underground things, node failures, routing overhead, low 
memory of underground nodes, and vendor-specific nodes can cause interoperability 
issues. Gharbieh et al. [50] use spatio-temporal stochastic modeling to deal with the 
scalability in WUC. For tunnels, [102] proposed an adaptive structure-aware WUC 
system. Interoperability issue is discussed in [102] using middleware protocol. 
Heterogeneity of sensor nodes is studied in [240] . The mentioned work deals with 
the scalability of terrestrial loT; however, these can be modified as per requirements 
of WUC systems. For example, high path loss in soil limits the deployment of large 
wireless network. This problem is studied in [152, 230] which uses the sink nodes 
to connect with the sparsely buried sensor nodes. It uses the energy harvesting 
to increase the lifetime of the nodes. Besides these solutions, it is important to 
efficiently develop a self-healing and self-organizing WUC systems which can 
overcome the scalability issues. 

Robustness 

An underground channel is very unpredictable facing the issues like energy 
constraints, dynamic topology, sparsity of nodes. Hence, achieving robustness is 
very critical in WUC systems. A small world model is proposed in [108] for 
the improvement of latency and robustness by considering the local importance 
of smart objects. Extensive literature exists for the improvement of robustness in 
terrestrial network [27]; however, work in robustness in WUC is limited to the 
mining application. For example, [80] improves the robustness of an underground 
mining by using a wireless mesh network. One of the major challenges in the 
WUC systems is to develop robust communication and data gathering techniques. 
Communication range of EM waves in soil is highly limited because of attenuation. 
However, magnetic induction is considered relative robust for communicating in the 
soil but requires perfect orientation of the coils. The research of Ml-based WUC for 
robustness is still not mature and needs to be studied further. 
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Hybrid Sensing 

Hybrid sensing systems include the usage of multiple sensor systems and integration 
of their signals, e.g., long-term underground fiber sensors can be combined with 
short-term ground penetrating radars for the purpose of detection and localization. 
SoilNet Systems [22] is a hybrid sensor system which combines ZigBee network 
with wired communication. ZigBee network is used for aboveground nodes and 
wired communication is used for the underground nodes. A combination of EM- 
and Ml-based can be used for providing long-range downlink (EM-based) and short- 
range uplink (Ml-based) communication [107]. Therefore, hybrid sensing systems 
can improve the efficiency of WUC systems. 

Software-Defined Networking (SDN) 

Software-Defined Networking (SDN) provides robustness, scalability, reliability, 
and secure networking solution for WUC systems. It is different form conventional 
networking solutions in that it separates the control logic from the networking 
hardware. These advantages make it suitable for the usage in underwater environ¬ 
ment. A surface station can be any SDN controller which communicates with the 
underwater sensors through in/out-band control channels [8]. The SDN controller 
will separate the data plane and controller plane. Such technique can also be used 
for WUC systems [141]. SDN-based WUC will have lower network complexity, 
improved congestion control mechanism, increased network life, efficient utilization 
of network resources, and reduced latency. Eor example, SDN-based WUC for 
oil and gas can allow users to efficiently manage the system by providing the 
global view of buried sensors nodes. SDN-based WUC can also be used in 
agricultural applications for achieving a scalable network solution. Eurthermore, 
data visualization can be used with SDN-controller for correlation of sensor data. 
These advantages of SDN paradigm force researcher to look into the possibilities of 
SDN-based WUC systems [155]. 

Big Data 

Massive amount of data is generated by WUC applications (agriculture, seismic 
surveying, and oil/gas fields). This data should properly organized, correlated, and 
analyzed for making accurate decisions [60]. Integration of big data and traditional 
loT is already being studied extensively, e.g., [14] presents the application of big 
data in loT. In [136], authors study the application of context-aware computing 
in loT. These works motivate and present an opportunity of integrating big data 
analytics with WUC system. Eor example, oil and gas WUC generates glut of data 
and managing that data is the major concern of respective industries [166, 167]. 
Similarly, geo-scientists spend major portion of their time (nearly 50 %) on manag¬ 
ing data. Big data provides an opportunity to handle such big amount of data and 
perform analysis. Therefore, proper data analytics tools must be developed for the 
WUC systems. 
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Fog and Cloud Computing 

Cloud/fog computing provides different feature (scalability, mobility, low delays, 
and location awareness) for an efficient WUC system. Cloud computing has 
been used for the management purposes in oil and gas industries, whereas fog 
computing has been used for reducing data traffic and analysis of data at edge 
[137]. In oil and gas industries, huge data generated by the upstream operations 
(e.g., drilling and seismic exploration) is a major challenge. Fog computing can 
be used for provision of localized data analytic being generated in real-time. It 
helps in minimizing communication delays and faster event response. Moreover, 
time-critical applications require efficient decision-making procedure because it is 
possible that decision-making opportunity is gone by the time data reaches the 
cloud. Hence, fog computing should be integrated with WUC systems [170]. 

Efficient Localization Methods 

Localization can be done in many applications such as WUC monitoring, geo- 
tagged sensing, and optimized fracturing. There are limited studies which try to find 
location of buried nodes of Ml-based WUC. In [114], authors developed a testbed 
for tracking objects in Ml-based WUC. Abrudan et al. [2] study how mineral and 
rocks in underground environment affect the accuracy of localization. The accuracy 
of Ml-based WUC is also investigated in [149, 163, 168]. It is important to note that 
localization work exists only for the Ml-based and there is no such investigation 
done in EM-, acoustic-, and VLC-based WUC. Therefore, robust and accurate 
localization methods are required for these WUC systems. 
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2.1 Introduction 

Subsurface electromagnetic (EM) wave propagation is governed by the structure of 
earth crust and its electrical properties. Earth crust is a relatively cool area above 
the earth’s core and mantle. Its thickness is up to 30 miles. The characteristic of this 
layer, as a transmission medium, determines the feasibility of propagation of EM 
waves. Particular characteristics of interest are thickness, different formations, type 
of the rock, and electrical conductivity. 

An ideal earth crust is composed of 5% sedimentary rocks and 95% igneous rock. 
Sedimentary rocks are shale, sandstone, and limestone, whereas igneous rocks are 
granite and basalt. Most sedimentary rocks are composed of deposits from ocean 
bottom; therefore, pore spaces have high conductivity due to conducting seawater 
and it is not suitable for EM waves propagation. However, terrestrial and chemical 
deposited rocks (e.g., chemically precipitated dense limestones) are different and 
this rule does not apply to them. 

Under the highly conductive sedimentary rock lies igneous rock. Igneous rock is 
formed by crystallization of molten rock material. The igneous rock has thickness 
ranging from 1000 ft to 30 miles below the surface. Owing to its origin, it can 
accumulate the ocean water and is very suitable for the communication experiments. 
This rock is homogeneous formation of granite and basalt between the mantle and 
sedimentary surface. However, sedimentary and upper granite are relatively less 
homogeneous. 

EM propagation in earth depends upon the conductivity a and dielectric con¬ 
stant 6 of the earth medium (soil); however, upper portion (a few thousand feet 
above) is rather a complex medium for radio propagation with continuous and 
sudden changes in the condition. The propagating surface has varying conductivity 
and dielectric constants for up to a few miles. After the sedimentary section, the 
rock structure is more relatively uniform in the higher depths. There have been 
many measurements done for dielectric constants and conductivity of the rock. 
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As per mineralogie character, conductivities show variations over large magnitude; 
however, dielectric constants do not change much. Conductivity of a rock is an 
important parameter as path loss is dependent upon it. The conductivity of a 
rock is majorly determined by the water content and minorly by mineral content. 
Conductivity varies greatly for the dry and wet rocks. Granite is the most suitable 
rock for communication due to its low conductivity. Water content in the rock has a 
great effect on the performance of the communication; therefore, antennas are buried 
deeply into the ground to reach low conductivity rock (granite). The conductivity 
value of granite in Appalachian Mountain chain from Maine to Pennsylvania was 
measured as 10 5 mhos/m by Dr. G. V. Keller of the United States Geological 
Survey. The conductivity decreases with an increase in depth. However, this trend 
is observed only for the depth of a few miles. The temperature induced conductivity 
comes in effect as the depth goes beyond several miles. The conductivity value 
increases significantly (same as conductivity values in the crust) with the increase 
in temperature. If the in-homogeneity of the rock is ignored, the ideal model of rock 
conductivity is obtained as follows: the upper layer of the earth is relatively thin 
and has high conductivity, whereas lower layer is thick (up to 20 miles) and has low 
conductivity values. This acts as the middle layer between the upper thin layer and 
very low high temperature and high conductivity layers (Fig. 2.1). 

The knowledge of dielectric properties of rocks, both solid and in powdered 
form, comes very handy while working on geophysical and geological applications. 
Rock are the collection of mineral grains bounded together by molecular interaction 
forces. Dielectric properties can be measured in many ways. For example, in [47, 60, 
68], the authors perform a broadband measurement for dielectric permittivity. The 
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real part of the permittivity, between 450 MHz and 35 GHz, is around 5-6 for granite 
rocks. It does not depend on the frequency as the loss factor is very low, i.e., around 
0.01-0.05. In another study [38, 48, 61], Parkhomenko lists very detailed dielectric 
property from various minerals in the frequency region of MHz and below. 


2.1.1 Porous Bedrock 


Bedrock is very heterogeneous ranging from microscopic hair cracks to very large 
scale of heterogeneity. They are porous allowing water to flow through them. The 
level of porosity varies from less than 1 % (certain granite) to even 20-40% (shale 
and sandstone) [20, 32, 43]. The dielectric property is water dependent; therefore, it 
also depends upon the rock’s porosity and micro-geometry. 

At lower frequencies, the conductivity is found to be greater than the dielectric 
property of the brine-saturated water. Therefore, a relation between the porosity and 
conductivity of the medium can be found. Archie’s law [3, 41, 42] gives one such 
approximate relation between water conductivity cry; and mixture conductivity cr^//: 

— = r, (2.1) 

^eff 

where / is the porosity, m is the cementation exponent and predicts the conduction 
behavior based on various factors present in the rock. Its value for clay-free 
sedimentary rock is between 1.3 and 4. For decades, Archie’s law is being used 
to estimate water saturation from electrical conductivity (EC) in borehole logging. 

There are other different models for the percolation process, e.g., Bruggeman 
model. Maxwell Garnett model, or Coherent potential model. These models predict 
a non-zero porosity value /c, also known as percolation threshold. At /c, macro¬ 
scopic conductivity changes suddenly, and above /c, the conductivity is proportional 
to (/ — fc)^. However, Archie’s law gradually measures the increasing conductivity 
and starts from the percolation threshold value of zero. Therefore, Archie’s law is 
not compatible with the mentioned models of percolation process [33, 46, 58]. 

There are some models which are compatible with the Archie’s law. For example, 
the model presented in Sen et al. [60] measures effective permittivity as: 


^eff ^ f ^eff \ ^ 

^ \ J 


( 2 . 2 ) 


where host (6^) is the rock matrix, the inclusions (6/) represent water phase having 
volume fraction / same as porosity. 

If we apply Eq. (2.2) to water-saturated rock matrix, then 6^ will be real because 
of insulating environment, and inclusion conductivity will become 6/ = 6 - — 
Imaginary part will be dominant at lower frequencies, hence, €( ~ jcfy^jco, and the 
effective permittivity will be 
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2/3 


= /, 


(2.3) 


where the real part is negligible and imaginary part will be: €eff = — 

jcTefflcjo ~ —jaefflo) which leads to Archie’s law: crefflo-yj = having value 
of exponent m = 1.5. The exponent value of 1/3 in Sen et al. model is because of 
considering different sized spheres; for ellipsoids with depolarization factor N, they 
will become as: 


( \ N 
^eff \ 

) 


(2.4) 


which predicts conductivity at low-frequency limit as per: ^eff l^w = 

It gives the freedom to choose the cementation exponent value as depolarization 
factor, in case of ellipsoid, is between 0 and 1. 

In the light of current research, Archie’s law seems to be an oversimplification 
[28, 51, 61] because it fails in carbonate rocks which have very inhomogeneous 
structure and complex pore structure. It has economical significance when it is 
applied in important application of estimating hydrocarbon reservoirs of the world. 

Anisotropy plays an important role in rock material. Figure 2.2 shows that 
special directions are visible in sedimented rocks and stones. Anisotropy is highly 
dependent upon the scale, e.g., the dielectric anisotropy for Gypsum can be around 
1.5-2 at lower frequencies. 


2.1.2 Soil 

Soil is a complex substance made up of different components. It contains different 
solid materials, air, free and bound water. There are different types of soil covering 
the surface of the earth. It is useful to separate the dry and wet components of soil 
while estimating soil’s dielectric properties. The permittivity of dry soil is better 
understood than the wet soil because dielectric losses can lead to water contribution 
[38,45, 52]. 

Dry soil is a two-component mixture. The inclusion of rock material takes a 
certain volume in air.^ Soil can be classified into three types: clay, silt, and sand. This 
classification is on the basis of the size of the soil’s inclusions and increasing order 
particles coarseness. However, the dielectric properties of the soil are independent of 
the particle, size. Soil permittivity 6^ can be approximately related to soil density p^. 


^This oversimplified assumption for modeling the dielectric. Soil is a complex fragmented rock 
consisting of plants microscopic organisms, fungi, plant, and other inorganic matter. 
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Fig. 2.2 The near-IR spectra of representative samples [16, 48, 56] 


In literature, the relation between the soil density and soil permittivity is given as 
a polynomial, e.g., in [62] it is given as follows: 

6,/60 = (l+0.5p,)2, (2.5) 

where the soil density is measured as g/cm^. Dobsen et al. [9] perform the modeling 
on the basis of measurements taken in the range of 1.4 and 18 GHz. It gives slightly 
lower prediction as: 


6,/6o = (1.01 + 0.44p,)^ - 0.062. (2.6) 

The above models are the empirical models. Birchak refractive index model 
averages out the square roots of permittivity of all components and can be connected 
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to the above-mentioned models. Of course, the soil density is directly proportional 
to the amount of solid matter present in the soil and it is raised to second power 
while calculating permittivity [34, 50, 59]. 

Campbell and Ulrichs [7, 37, 39] studied different types of terrestrial rocks and 
includes extensive measurements. They also proposed a classical mixing model for 
predicting dielectric properties of powdered rocks. The result was that Maxwell 
Garnett mixing model, having spherical inclusions, matches the measurements from 
rocks like olivine peridotite powder and olivine basalt. However, it does not work 
well with some other rock types such as granite and aplite. Bruggeman model 
worked better for these rocks. All measurements were done at 450 MHz. 

The permittivity was measured for dry Sahara Desert [23, 49, 55] between the 
frequencies of 245 MHz and 6 GHz. The real component (around 6^/60 ~ 2.53) 
of the permittivity remained constant above 1 GHz. Along with the sand density of 
1.45 g/cm^, these measurements follow the model presented in Eqs. (2.5) and (2.6). 
In microwave region, the imaginary part was shown to be decreasing. The Debye- 
type spectrum suggests relaxing the frequency around 270 MHz. 

The permittivity of the dry soil is not affected much by the dry soil; however, 
it is not true in case of wet or moist soil. A clay surface area is much greater than 
the sand because clay has much larger, in many order of magnitude, number of 
particles as compared to sand. Therefore, the liquid water distribution is completely 
different for both of the cases. Moreover, the surface absorbs more liquid water than 
the bound water; hence, more dependency of soil texture on permittivity can be 
expected [29, 30, 66 ]. 

In Hallikainen et al. [15, 31, 50, 53], the effect of temperature, soil type, 
frequency, and wetness, on the wet soil permittivity are investigated. It concludes 
that the permittivity is highly dominated by the water phase. For example, values for 
real and imaginary part of relative permittivity are 25 and 10 for 1 GHz frequency 
and water fraction of 0.4. The imaginary part is over two orders of magnitude 
as compared to what it is for dry sand. The results also show a clear soil type 
dependency [35, 67]. This dependency is more evident for lower frequencies. 
Even with the same moisture, coarse-structured soil (sand and loam) has higher 
permittivity as compared to fine-grained soil (silt and clay). This may be because 
of greater specific surface area, fine-grained soil attaches more water to the surface, 
and sand has more free water. The permittivity of the free water is greater than the 
bound water. The reason for this is because water molecules are bounded in bound 
water and do not respond freely to the electric field. 


2.1.3 Rain Attenuation 

Fog is very transparent at microwave frequencies; however, rain is not. For a rainy 
troposphere, the attenuation in radio signals can be calculated by measuring the 
loss of air-precipitation mixture effective permittivity; however, water fraction in 
air must be known for that. 
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The size of a raindrop, within the rain, depends on the intensity of the rainfall. 
Mostly Marshall-Palmer drop size distribution is used in the literature which 
calculates number of drops having diameter d per unit volume from the following 
distribution: 


p{d) = Noe-'’‘‘, (2.7) 

where No = 8.0 x 10® and exponent b is calculated as follows: 

b = (2.8) 

where rain rate is measured in mmh“*. The relation between rate and fraction 
volume / of water phase in air is given by integration as: 

/ = 8.894 X 10“^f?;?-^4. (2.9) 

The attenuation A is calculated using the imaginary part of effective permittivity 
of dilute water-air mixture: 

86867r „ 1 

A = __e;;^^^[dBkm-i], (2.10) 

where wavelength X is in meters, and imaginary part of relative effective permittivity 
is given as: 


^eff,r — -3//m 




( 2 . 11 ) 


and raindrops are assumed to be spherical. Small raindrops are spherical for sure; 
however, as the size increases they start to resemble oblate ellipsoid [24, 57]. 
Figure 2.3 plots attenuation with rain rate at 1 GHz of frequency. It shows that 
attenuation is directly proportional to the rain rate. Only the absorption was 
considered for the calculation. However, this assumption was undermined with 
increasing frequency mainly because of increase in scattering and, secondly, it is 
not possible to calculate absorption while assuming that internal field of raindrop 
remains the same throughout the volume (a quasi-static assumption). However, even 
in the cases where rain rate is higher, the dilute mixture assumption remains valid 
because inclusion fraction is below the order of 10“^. 

An experiment was performed to estimate the safety of neglecting contribution 
due to high frequency in Fig. 2.3. The experiment compared absorption due to quasi¬ 
static assumption with extinction efficiency Qext of a spherical raindrop. Qext is 
estimated by full Mie theory. 




Qabs,qs — 4xlm 


+ 260 


( 2 . 12 ) 
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Rain Rate, R^ (mm/hr) 


Fig. 2.3 Variation of the median values of decay parameter with rain rate [27] 


^ Median of Decay Parameter 
Cubic Fitting (R^ = 0,9306) 


-T-1-T-1-T-1- 

Median of Decay Parameter = - O.OOOOOOSRq + 0.0001 7Rq - 0.01 3Rq+ 0.61 


where x = k^a is the size of sphere. 

Figure 2.4 plots the comparison where the extinction is plotted with the 
frequency. Here, the extinction is calculated with the raindrop having a diameter 
of 1 mm. After 5 GHz, the quasi-static assumption about absorption fails. There are 
different drop sizes in the rain and the average drop size is directly proportional to 
the rain rate as shown by Marshall-Palmer distribution function. 

Oguchi [25] presents a survey on scattering from hydrometers. The review of 
mixing approach and connection of backscattering and mixing approach can be seen 
in [5,6]. 


2.2 Dielectric Soil Properties Model 

Soil is considered as a dielectric material which is composed of bound water, air, free 
water, and bulk soil. It is mainly described by its relative permittivity or dielectric 
constant. EM waves are affected by the permittivity of the medium through which 
they pass. Relative permittivity has a direct relation with EM wave propagation, 
i.e., smaller the permittivity, better will be EM propagation. Soil with smaller bulk 
density will be more porous having more air in the medium, therefore, causing lower 
attenuation in EM waves. The presence of water in the soil has a direct relation 
with the attenuation in the soil and soil parameters like the volumetric water content 
(VWC) are the main causes of attenuation in EM wave propagation [1,2,47,63-65]. 

VWC is made up of the bound water and the free water. The bound water is a thin 
layer of water which strongly bounded to the surface of the soil. The free water is 
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A: Sea Water 
B : Wet Ground 
C : Fresh Water 


D : Medium Dry Ground 

E : Very Dry Ground 

G : Ice / Fresh Water 


Fig. 2.4 Variations of penetration depth vs. frequency [14] 


loosely or freely held water molecule in the soil [4, 48]. Therefore, even if the VWC 
value of two soil samples is the same, one sample may contain more free water as 
compared to others because of different sample texture. Bound water is determined 
by the texture and clay quantity in the soil [4, 13, 40]. This will further be explained 
in Sect. 2.4, where power is varied more than 20 dB for samples having the same 
VWC but different textures. This is because of the difference in dielectric properties 
of bound and free water. Therefore, the dielectric model weighs the bound and free 
water differently. 

A soil with predominantly clay particles is worse for underground communica¬ 
tion as compared to sandy soil. A well-known fact is that one gram of clay retains 
more water as compared to similar amount of sand or silt [13, 36]. A surface area 
of soil particle is directly proportional to the water absorption in soil and inversely 
proportional to the size of soil particles. Clay particle has a high surface area and 
small particle size. Therefore, they absorb more water as compared to sand and silt. 

Soil permittivity also depends on the frequency of the signal; hence, in addition 
to VWC, soil permittivity is also affected by the frequency of the signal [4, 22, 45]. 
Therefore, it can be said that frequency indirectly affects the attenuation of EM 
waves. Soil conductivity, along with certain frequency ranges, causes the signal 
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attenuation in soil [4, 21]. This negates the general belief of lower signal attenuation 
under low frequencies [4, 26]. It is true for most of the cases; however, there are 
some exceptional frequency ranges which do not support this argument. Even if 
values for all soil parameters are available, there is no direct method or formula for 
calculating soil permittivity using these parameters and, without soil permittivity, it 
is not possible to estimate signal attenuation in soil. 

There has been many frequency specific dielectric model proposed to lessen the 
severity of the above problem [4, 8, 44]. As these models were for some specific 
applications with restricted frequency ranges, many assumptions can be made to 
simplify the model. Thus, the model is simplified without losing its accuracy. 
Consequently, it is important to determine what frequencies must be used in WUSNs 
while developing dielectric model of Zenneck waves (ZW). 

Frequencies around 1 GHz are used for practical wireless communication and 
microwave remote sensing and give smaller values of soil permittivity [2, 17,26, 54]. 
Signal can have smaller attenuation under the frequencies lower than 300 MHz; 
however, smaller frequencies cause an increase in wavelength and antenna size. 
Therefore, it is not recommended to use frequencies below 300 MHz in WUSNs. 
Considering these facts about frequency, ZW model employs a balanced approach of 
achieving practicality with accuracy. Therefore, semi-empirical soil dielectric model 
presented in [26] is selected for ZW model. This model limits the frequency range 
to 300-1300 MHz. 


2.3 Permittivity and Wavenumber in Soil 

This section discusses the analysis of the constitutive parameters of the soil at 
different soil moisture levels. It also studies the dielectric constant in silt loam and 
sandy soil types at different frequency and water content levels. A detailed analysis 
of the impact of soil moisture variations on permittivity and wavenumber in soil has 
also been carried out. This section also presents the effect of change in soil moisture 
on wavenumber and soil permittivity. Phase constant in the soil is given by and 
that of air is represented by Similarly, wavelength in the soil is represented by 
Xs, and Xq is the wavelength in air. Complex wavenumber ks = fis + iois, where 
as represents the attenuation constant in soil, is used to calculate l3s/l3o and Xs/Xq. 
Figure 2.5 plots the change in these parameters with the change in soil moisture 
for sandy, silt loam, and silty clay loam soil types. It can be observed in Fig. 2.5a 
increasing the soil moisture results in increase of PsIPo- For example, when soil 
moisture is 40%, the phase shift increases 5% more than what it is in free space 
Pq. Figure 2.5b plots the change in wavelength Xs/Xq with OTA wavelength. It 
is observed that frequency shift is comparatively less than that of OTA and is in 
direct relation with soil moisture levels, i.e., decreases with decreasing soil moisture 
level and vice versa. Moreover, the difference in frequency shift for different soil 
types shrinks as the soil moisture levels increase. This behavior is because of high 
permittivity of the soil (Fig. 2.6). 
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Volumetric Water Content (VWC %) 

(a) 




Volumetric Water Content (VWC %) Volumetric Water Content (VWC %) 


(b) 


(c) 


Fig. 2.5 (a) Change in ft/ydo [39], (b) Effect of soil moisture on the parameter )is/^o in three 
different soil types [39], (c) Effect of soil moisture on the relative permittivity in three different 
soil types at different frequencies [39] 


Figure 2.5c plots the relative permittivity with soil moisture for silt loam and 
sandy soil. The experiment uses frequency of 200 and 600 MHz. It can be observed 
that: (a) relative permittivity of sandy soil is affected more than that of silt loam 
soil and (b) frequency does not have any effect on soil permittivity. This is due 
to dielectric and conduction losses. Dielectric losses cause soil moisture to change 
because of water held by the soil is released [9, 31]. 

Underground wireless signal can propagate through three different paths, namely 
reflected, directed, and lateral as shown in Fig. 2.7. Directed and reflected are the 
possible signal paths in the soil and they remain completely in the soil. However, 



















50 


2 Electromagnetic Characteristics of the Soil 




(a) (b) 



Fig. 2.6 Soil moisture effect on real and imaginary part of dielectric constant different frequen¬ 
cies. (a) Silt loam— 200 MHz. (b) Silt loam— 600 MHz. (c) Sand— 200 MHz. (d) Sand— 600 MHz 


the lateral component can pass along soil-air interface right above the soil surface. 
All three UG channel components are studied with great detail in [10, 45, 46, 55]. 

Figure 2.6 plots the dielectric constant with soil moisture levels. The experiments 
are performed for sandy and silt loam soil at frequency of 200 and 600 MHz. It can 
be seen that 6' is directly proportional to VWC, i.e., increasing linearly with increase 
in VWC. 


2.4 Impact of Soil on Wireless Underground Communication 

This section discusses how wireless communication is affected by the soil. There 
are mainly three ways in which soil can impact the communication: return loss of 
the antenna, the path loss of the propagation, and bandwidth of the antenna. Soil 
permittivity is affected greatly by change in soil moisture and frequency. In the 
upcoming sections, all three impacts are studied separately [50, 58]. 
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Fig. 2.7 The three components of the wireless subsurface propagation channel in soil [55] 
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2. 4.1 Relative Permittivity of Soil 

The permittivity of soil is higher than the air due to which it changes the wavelength 
of EM waves incident upon it. Soil permittivity relies on many soil parameters such 
as: soil texture, bulk density, salinity, soil moisture (volumetric water content), and 
temperature. There has been intensive investigation for modeling the characteristics 
of relative permittivity [9, 26, 66]. These models explain the relative permittivity 
of various soil-water mixture components: free water, soil, air, and bounded water 
[9] . The effective permittivity of soil-water mixture is the overall permittivity of air, 
soil, and water and is a complex number (Fig. 2.8). 


2.4.2 The Impact of Soil on the Return Loss of an Antenna 

The return loss of buried antenna changes because of permittivity of the soil. 
Moreover, change in soil moisture causes a change in soil permittivity and antenna 
return loss. Figure 2.9a shows the result of the experiments performed with a 70 mm 
monopole antenna with different soil moisture levels which confirms that increasing 
soil moisture causes resonant frequency, corresponding to return loss, to shift in 
lower spectrum. 

The return loss occurs due to impedance mismatch; therefore, it is important 
to calculate the impedance first. However, there is no closed form representation 
of an arbitrary antenna but a good impedance approximation for dipole antenna is 
provided in [19, 21,47, 69]. The analysis of impedance model in [19,37] is analyzed 
below. As per [19], the input impedance of a dipole can be approximated by using 






52 2 Electromagnetic Characteristics of the Soil 




Aboveground 

Node 



(C) 

Fig. 2.8 Models: (a) Return loss of an antenna estimated at different soil moisture values, (b) 
Bandwidth at non-resonant frequency, (c) Channel model [11] 


induced-EMF method as follows: 


Za ^ hm - i 




com) - him 


(2.13) 


where 

= -0.4787 + 7.3246;ei + Q3963{fiVf + 145.613 
f2{^\) = -0.4456 + 17.0082;61 - 8.6793(;31)2 + 9.6031(;31)^ 


is a real part of wavenumber, diameter of d is given as J, and half of the length of 
the dipole is given as /. ^0/ is expressed as : 

r 27r/ ^ 

pi = —Re^, 

Ao 


(2.14) 
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Fig. 2.9 (a) Return loss, (b) Bandwidth, (c) Path loss in UG2AG channel [11] 


where A.o is the wavelength in the air, and 6^ is the soil relative permittivity [26] . As 
the €s relies on frequency so ^0/ is not linear function of I/Xq. Therefore, the resonant 
frequency changes which in turn changes the impedance at those frequency values 
when the antenna is moved from air to soil [30, 39]. 

The return loss is because of mismatch in impedance. The return loss of antenna 
is express in dB and is calculated as: 


RLdB = 201ogio 




which approximately matches the experiment results. 


(2.15) 


2.4.3 The Impact of Soil on Bandwidth 

Channel capacity increases with the increase in bandwidth; hence, bandwidth also 
affects the performance of underground communication. In wireless communica¬ 
tion, bandwidth is affected by antenna and return loss of antenna is calculated from 
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bandwidth. Return loss RL (see Fig. 2.9) is the function of frequency {RL = R{f)). 
When antenna is excited at resonant frequency, the bandwidth refers to the spectrum 
where negative of the return loss < 5. Bandwidth always remains smaller than 
the resonant frequency when no resonant frequency is being used. Bandwidth is 
calculated as: 


0 


B = 


2 (/ - fm) 

2{fM - f) 


if - R(f) > 5 , 

if - R(f) < 5 and f < fr, 

if - R(f) < 5 and f > fR, 


(2.16) 


where fr is the resonant frequency, fm and /m represent the lowest and highest 
frequency at which R{F) < 5. 

Figure 2.9b plots negative of RL, i.e., 5*1 1 with frequency /. Operational 
frequency is higher and there is a difference of 24 MHz between operational 
frequency and resonant frequency, and 5 = — lOdB. It can be seen that Sil < 8 
for whole spectrum and bandwidth is 14 MHz. 


2.4.4 The Impact of Soil on Path Loss 

In [10, 12, 41, 46], aboveground-to-underground (AG2UG) and underground-to- 
aboveground (AG2UG) channel in WUSN are studied in detail. Figure 2.9c depicts 
the communication path where attenuation in EM waves passing through the soil is 
the function of distance, soil moisture, and soil type. Irrespective of the direction, 
path loss is given as: 


F — {Lugidug) -\- Lagidag) + L(^r (2.17) 

where Lag (dag) and Lug(dug) are the loss at aboveground and underground 
portions, respectively. L(^r^^) is the refraction loss on the basis of direction of the 
propagation, ^,, i.e., uglag or aglug. 

The UG and AG losses from Eq. (2.17) can be calculated as: 

Lug(dug) = 6.4 -h 20\ogdug + 20\ogfi + ^.69adug, (2.18) 

Lagidag) = -147.6 + I0r]logdag + 201og/, (2.19) 

respectively, r] represents the attenuation coefficient in air, ^ is the phase shifting 
constant, / is the operational frequency, and a denotes the attenuation constant, r] > 
2 because of ground reflection. The r] range is 2.8-3.3 and is estimated by empirical 
experiments [7]. Last two terms in Eq. (2.18) give the effect of soil properties on 
attenuation, where a and ^ are calculated as: 
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ks = a = ico^fioes, 


( 2 . 20 ) 


where ks denotes the propagation constant in soil, € denotes the effective soil 
permittivity, and /xq denotes permeability in free space. EM waves can only enter 
the soil-air interface if the incident angle is small; otherwise, it is refracted and 
reflected at the interface. It is mainly because of high permittivity value of the soil 
[32, 42]. Only waves having small incident angle Of, as shown in Fig. 2.9c, will 
transmit to air in UG2AG propagation. In AG2UG propagation, the propagation in 
soil is in the vertical direction where refracted angle is approximately close to zero. 
Therefore, the underground distance in both links can be approximated as dug — hu, 
where hug denotes the burial depth and aboveground distance in both links can be 
approximated as dug = where ha denotes the height of the AG node and 

dg horizontal distance between the node. 

Maximum power path is considered for the AG2UG link where incident angle 
Oi 0. Therefore, refraction loss from Eq. (2.17) can be approximated as 

[18]: 



( 2 . 21 ) 


where refractive index of soil is represented by n and calculated by Dong et al. [12] 
as: 



( 2 . 22 ) 


The signal in UG2AG link propagates from higher density medium to lower 
density medium in a perpendicular direction; hence, all energy is refracted, i.e., 

L{R,ug2ag) = 0- 

2.4.5 The Impact of Soil on Frequency 

In soil, higher frequencies suffer more attenuation because when EM waves 
propagate their wavelength shortens due to higher permittivity of soil than the air. 
Hence, due to less effects of permittivity of soil on lower frequency spectrum, it is 
more suitable for UG2UG communication as larger communication distances can 
be achieved. In order to have minimum attenuation, an operation frequency should 
be selected, for each distance and depth, such that attenuation is minimized. This 
is important from lOUT topology design perspective because deployment needs 
to be customized to the soil type and frequency range of sensors being used for 
deployment. 

In Fig. 2.10, attenuation with frequency at different distances of up to 12 m 
is presented. Transmitter and receiver depths are set to 20 cm. At 2 m distance. 
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Frequency (MHz) 

Fig. 2.10 Attenuation with frequency [55] 


attenuation increases by 24 dB when frequency increases from 200 to 400 MHz. 
Similarly, for 200 MHz, attenuation is increased from 51 to 92 dB (80%) when 
distance increases from 50 cm to 12 m. 
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Chapter 3 

Wireless Underground Channel Modeling 


© 
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3.1 Introduction 

Wireless underground sensor networks (WUSNs) can be considered as one of the 
emerging technologies having broad set of applications. The potential applications 
of WUSNs include environment and infrastructure monitoring [32, 53, 69], pre¬ 
cision agriculture [14, 61, 62], and border patrol [1]. An efficient and a reliable 
UG channel plays a very important role in implementing these applications. 
There is a need to theoretical explain and empirically validate the models of 
underground channel for further advancement of WUSNs. This chapter focuses on 
characterization of these channels and measures the effect of different parameters on 
UG communication. The discussion in this chapter is divided into two major parts: 
(1) The first part presents the effect of soil on communication components, i.e., UG 
channel, UG signal attenuation, return loss in soil and channel capacity, etc., and (2) 
The second part discusses different channel models under various soil factors and 
their effect on UG communication. Figure 3.1 shows the general structure of the 
chapter. 


3.2 Effect of Soil Properties on UG Communication 

Wireless communication is highly medium-dependent and wireless UG commu¬ 
nication is accomplished using soil as a medium. Therefore, soil components 
play an important role in determining the efficiency of UG communication. These 
components are described below: 

(i) Soil Effective Permittivity: It is a complex number that adds extra attenuation 
to electromagnetic (EM) waves in addition to diffusion attenuation. The extra 
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Fig. 3.1 Chapter organization 

attenuation is due to absorption of EM waves by soil and is also frequency- 
dependent [57]. 

(ii) Permittivity of Soil: Permittivity of soil has much greater value than the permit¬ 
tivity of air which reduces the wavelength of EM waves propagating through 
soil. Therefore, aboveground antennas do not perform well in underground 
environment [56]. 

(iii) Temporal Variation of Soil Moisture: Permittivity of soil keeps on changing 
with the change in soil moisture which in turn changes the wavelength. Soil 
moisture mostly changes due to irrigation and precipitation, therefore, for a 
given frequency, wavelength is always varying with the time. This soil behavior 
has great effect on the return loss and bandwidth of antenna [49]. 

Prom the above discussion, it can be concluded that soil properties significantly 
impact the performance of the underground wireless communication. Therefore, 
it is necessary to measure the effect of soil on wireless communication. To that 
end, extensive experimentation is done over the period of 2-3 years to study UG 
communication and its response to different soil-related deployment (e.g., burial 
depth) and operational parameters (e.g., antenna, soil moisture). In the following 
sections, the methodology and results from these experiments are discussed in 
detail. 
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Fig. 3.2 Phases in development of an indoor testbed: (a) wooden box of the testbed, (b) gravel in 
the testbed (placed at the bottom), (c) soil in the testbed, (d) placement of antenna in testbed, (e) 
final testbed look [61] 


3.2.1 Experimental Setup 

3.2.1.1 The Indoor Testbed 

Outdoor experimentation in WUSN is not an easy task. Outdoor settings face 
challenges of extreme weather and temperature conditions. It is very important to 
get timely results of experiments and getting the different soil moisture level in a 
short span of time is difficult in outdoor settings. Furthermore, it lacks dynamic soil 
moisture control, difficult to get changing soil types and deployment of equipment 
is also cumbersome. An indoor testbed can overcome these challenges. Figure 3.2 
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shows an indoor testbed. This indoor testbed is developed in a greenhouse setting. It 
is a wooden box with a dimension of 100inx36inx48in (see Fig. 3.3b) having 
90 ft^ of soil in it (see Fig. 3.2a). It is equipped with a drainage system at the 
bottom and has waterproof sides. The sides are waterproofed using waterproof tarp 
to prevent leaks from the side. The box has a 3 in layer of gravel underneath to allow 
free water drainage (see Fig. 3.2b). Figure 3.2c shows the box with soil in it. 

It uses Watermark sensors to monitor the soil moisture level. A total of 8 sensors 
are installed on the sides of the box. These sensors are placed at the depth of 10cm, 
20cm, 30cm, and 40cm. Two Watermark dataloggers are connected to these sensors. 
For each installed antenna, a tamper tool is used to pack soil every 30cm. It is done to 



(a) 



Cable 



(c) 

Fig. 3.3 (a) Change in soil moisture vs. time, (b) box dimensions, (c) layout of antennas in the 
experiment [61] 
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Table 3.1 Particle size 
distribution and classification 
of testbed soils [61] 


Textural class 

% Sand 

% Silt 

% Clay 

Sandy soil 

86 

11 

3 

Silt loam 

33 

51 

16 

Silty clay loam 

13 

55 

32 


achieve the bulk density^ to simulate the real-world scenario. A total of 12 antennas, 
divided into sets of three, are installed (see Fig. 3. 2d) at increasing depths of 10cm, 
20cm, 30cm, and 40cm (Fig. 3. 2d). These sets are separated at 50cm from each 
other. Figure 3.2e shows the final testbed. 

Two different soil types were used for the experimentation: silt loam and sandy 
soil. Table 3.1 lists the soil type used and distribution of the particle size within the 
soil type. Experiments were performed to investigate the effect of soil texture on 
underground communications. To that end, soil having sand content from 13% to 
86% and clay content from 3% to 32% was chosen. For experimentation, a nearly 
saturated soil is used as an input to achieve maximum volumetric water content 
(VWC) level. Afterwards, results are gathered as the soil water potential decreases 
from saturated state to field capacity^ and then finally to wilting point.^ Figure 3.3a 
shows the moisture level change in silt loam soil. 


3.2.1.2 The Field Testbed 

A field testbed consists of dipole antennas, buried at 20cm depth, with silty clay 
loam soil (see Fig. 3.5a). Figure 3.4 shows the different stages in which field testbed 
is developed. The purpose of this testbed is to perform underground-to-aboveground 
(UG2AG) experiments. Field testbed is also used to compare the results from the 
indoor testbed. For UG2AG experiments, an adjustable height pole is used. The 
experiments are conducted with the radii of 2m, 4m, 5.5m, and 7m. The distance of 
max 73 is used due to cable limitations of antenna used for vector network analyzer 
(VNA). Receiver angles of 0°, 30°, 45°, 60° and 90° are used. The testbed is shown 
in Fig. 3.5. 


3.2.1.3 UG Software-Defined Radio (SDR) 

Another testbed is used for conducting experiments with underground software- 
defined radios. This testbed consists of a total of 16 dipole antennas, divided into 
4 sets, in silt loam soil. For each set, the antenna’s burial distance is 50cm, 2m, 
and 4m from the first antenna. In each set, antennas are buried at the depth 10cm, 


^Ratio of dry soil weight to the volume of soil (also including volume of pores in particles). 
^Water content in the soil after the drainage of excess water. 

^Minimum level of water in the soil. 
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(d) (e) 


Fig. 3.4 Field testbed development in the silty loam soil: (a) testbed layout, (b) antenna 
placement, (c) outlook after antenna installation, (d) antenna cables out of soil at different depths, 
(e) USRPs and datalogger for soil moisture measurements [33] 



Fig. 3.5 The field testbed [61] 


20cm, 30cm, and 40cm. This dipole antenna uses the resonant frequency of 433MHz 
for over-the-air communication. Figure 3.4 shows step by step development of 
the testbed (starting from Fig. 3.4a till Fig. 3.4e). Figure 3.4a shows the layout. 
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Fig. 3.4b,c shows the testbed after placement and installation of the antenna, 
Fig. 3.4d shows the cable coming out of the antennas buried at different depths. 
Finally, Fig. 3.4e shows the testbed with USRPSs and datalogger used for measuring 
soil moisture. 


3.2.1.4 Soil Moisture Logging 

As discussed previously, soil moisture has an impact on the communication. 
Therefore, it is important to log the soil moisture data after each experiment 
for correct characterization of channel. Oven drying method can be used for 
determining soil moisture, however, it requires removal of soil from the testbed. 
Watermark sensors are used because of their ability of logging soil moisture data 
with timestamp. Watermark sensors are fast, efficient, and less error prone. It also 
overcomes the challenge of oven drying method. If there is metallic object in the 
soil within the vicinity of buried antennas, it can cause interference during the 
communication. Therefore, to avoid interference, sensors are deployed at the edges 
of the testbed. 


3 . 2.2 Measurement Techniques and Experiments Description 


This testbed uses Keysight Technologies N9923A, FeildFox, and VNA for taking 
measurements. The layout of the measurements is shown in Fig. 3.3c. In the 
following section, measurements taken for the indoor testbed are explained in detail. 


3.2.2.1 Path Loss Measurements 

VNA uses a UG transmitter and receiver (T-R) pair for measuring the signal loss. 
It transmits a known signal and comparison of received and incident signal is 
performed to calculate the loss. Path loss is defined as the ratio of power of a signal 
at sender end Pt to power of the signal reached at receiver end Py. Path loss is 
calculated by the following equation: 


Table 3.2 Underground 
channel measurement 
parameters [61] 


Parameter 

Value 

Start frequency 

10 MHz 

Stop frequency 

4 GHz 

Number of frequency points 

401 

Transmit power 

5 dBm 

Vector network analyzer 

Agilent FieldFox 
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PL = Pt - Pr = 10. log 10(Pt/Pr) (3.1) 

where PL denotes the path loss of the system. It also includes the effect of 
transmitting antenna gain Gt and receiving antenna gain Gy . The frequency range 
used for the measurement of path loss is 10 Mhz to 4 GHz. A total of 401 discrete 
frequency points were taken at varying distance and depths. These measurements 
were used to study how physical properties of the soil impact the attenuation of UG 
channel. 


3.2.2.2 Power Delay Profile (PDP) Measurements 

Power delay profile (PDP) is a way to measure signal intensity through a multipath 
channel. The intensity is measured as a time delay. Time delay is the difference of 
time taken by signal to travel through multiple paths. The multipath characteristic of 
a wireless underground channel is studied by channel sounding experiment. VNA 
accurately characterizes the UG channel by transmitting multiple sine waves at 
transmitter and measuring them at receiver end. These sine waves are from low 
to high frequency. Impulse response of UG channel is measured by VNA using one 
frequency at a time. It measures the impulse response in frequency domain instead 
of time-domain. 


3.2,3 Measurement Campaigns 

This section presents the measurements parameters for experiments on each type of 
the soil. 


3.2.3.1 Sandy Soil Experiments 

For a distance of 50cm between transmitter and receiver, antenna was buried at the 
depth of 10cm, 20cm, 30cm, and 40cm in a sandy soil. For a soil moisture range of 
0-250 CB, they are buried at the depth of Im. 


3.2.3.2 Silty Clay Loam Experiments 

For a distance of 50cm between transmitter and receiver, antenna was buried at the 
depth of 20cm in a silty clay loam soil. In field testbed, it is buried Im for a soil 
moisture range of 0-50 CB. 
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3.2.3.3 Silt Loam Experiments 

For a distance of 50cm between transmitter and receiver, antenna was buried at the 
depth of 10cm, 20cm, 30cm, and 40cm in a silt loam soil. In indoor testbed, for a 
soil moisture range of 0-50 CB, they are buried at the depth of Im. 


3.2.3.4 Planar Antenna Experiments 

Indoor testbed and two planar antennas are used for the planar antenna experiments. 
These experiments are conducted in silty clay loam and sandy soils. The return loss 
and path loss are measured without obstructions and with obstruction between these 
two antennas. For former experiment, the antenna is kept Im apart and buried at 
the depth of 20cm. For latter, another antenna is placed in the middle (50cm) of the 
two antennas acting as an obstruction and depth for all the antennas is kept same 
(20cm). These experiments were also conducted with silty clay loam soil using the 
same empirical parameters and return loss and path loss are compared for both types 
of the soil. 


3.2,4 Empirical Results 

This section explores the channel transfer function (5*12) for different type of soil 
using varying values for distances, soil moisture, and depth. 


3.2.4.1 Channel Transfer Function Measurement 

3.2.4.2 Impact of Burial Depth and Antennas Distance on Attenuation 

Figure 3.6 plots the attenuation at different depth and distance in silt loam soil. 
Figure 3.6a and b shows the attenuation, when the antennas are 50cm apart with 
varying frequency and depths (10cm, 20cm, 30cm, and 40cm). It can be observed 
in these figures that at 200MHz path loss differs by 5dB at 10cm (where path loss = 
40.37dB) from 40cm (where path loss = 45.26dB). The difference further increases 
to 8dB at 250 MHz. Figure 3.6c and d shows the attenuation, when the antennas are 
Im apart with frequency and depth (10cm, 20cm, 30cm, and 40cm). 

At 200 MHz, path loss for the depth of 10cm is 44.37 dB and that for 40cm 
is 60.12 dB. The difference in path loss is 16dB which is higher as compared to 
difference at 50cm. The difference increases to 20 dB at the frequency of 250 MHz. 

Results for similar experiments with same depths and frequencies, but with 
different soil type (silt loam soil), are shown in Figs. 3.7 and 3.8. Figure 3.7 shows 
the results with transmitter and receiver 50cm apart and Fig. 3.8 shows for the 
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(a) (b) 



Frequency (MHz) 

(c) 



(d) 


Fig. 3.6 Attenuation in silt loam soil at 50 cm distance: (a) with frequency, (b) at different depths. 
Attenuation in silt loam soil at 1 m distance: (c) with frequency, (d) at different depths [33] 



Frequency (MHz) 

(a) 



(b) 


Fig. 3.7 Attenuation in sandy soil at 50 cm distance: (a) with frequency, (b) at different depths 
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distance of Im. For both distances attenuation is highest at the frequency of 400 
MHz for all depths. 

Another important impact to consider is that of distance between the antennas 
on attenuation. From Figs. 3.6a (50cm) and 3.6c (Im), it can be observed that path 
loss increases as the distance between antennas is increased from 50cm to Im. For 
example, when antennas distance increases from 50cm to Im at 200 MHz, path 
loss is increased by 5 dB, 7 dB, 3 dB, and 15 dB at depths of 10cm, 20cm, 30cm, 
and 40cm, respectively. Similar trend can be observed for the increased distance in 
sandy soil (see Figs. 3.7 and 3.8), however, the difference is very low as compared 
to silt loam soil. 

Hence, it can be concluded that path loss is affected by frequency, depth, and 
distance, i.e., increases with increasing frequency, distance, and depth of antennas. 
This variation because of frequency is due to soil permittivity. There are three major 
paths in underground-underground communication: (1) direct, (2) reflected, and (3) 
lateral. Direct wave is the line of sight path; reflected path is the one taken by wave 
when it is reflected from soil-air interface; and lateral path is taken because of the 
propagating along the soil-air interface. The reason for the path loss variation due 
to depth is because of multipath effect. The direct path has no effect due to the 
depth increase, however, it affects the lateral and reflected path. So when the depth 
is increased, path loss due to lateral and reflected wave increases which in turn 
increases the overall path loss. 


3.2.4.3 Impact of Soil Type on Attenuation 

Figure 3.9 shows the comparison of attenuation in different soil type for varying 
depths and frequency. Figure 3.9a shows the result at transmitter-receiver distance 
of 50cm and Fig. 3.9b shows for the distance of Im. For 50cm, sandy soil has 10- 
30 dB, 13 dB, 18 dB, and 20 dB lower path loss value at the depth of 10cm, 20cm, 



Frequency (MHz) 

(a) 



(b) 


Fig. 3.8 Attenuation in sandy soil at 1 m distance: (a) with frequency, (b) at different depths [33] 
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(b) 


Fig. 3.9 (a) Comparison of attenuation in silt loam and sandy soils at 50 cm distance at different 
frequencies, (b) comparison of attenuation in silt loam and sandy soils at 1 m distance at different 
frequencies [33] 


30cm, 40cm, respectively. Similarly, for Im, sandy soil has 12 dB, 20 dB, 18 dB, and 
38 dB lower path loss value at the depth of 10cm, 20cm, 30cm, 40cm, respectively. 

It can be observed that, for both distances, path loss in sandy soil is less as 
compared to silt loam soil for all depths. The reason for this is that electromagnetic 
waves are absorbed by the bound water present in the soil and sandy soil absorbs 
less bound water as compared to silt loam soil. The water holding power of medium 
textured soil, e.g., silt loam and silty clay loam, is much higher than that of coarse 
soils such as sand and sandy loam. This is because coarse soils have lower size of 
pores hence low resistance against gravity and no aggregation. 


3.2.4.4 Impact of Soil Moisture on Attenuation 

This section evaluates the experiments done to study the effect of soil moisture on 
the signal attenuation. Different soil moisture levels, ranging from 0 to 50 CB, are 
used for these experiments. Figure 3.10 shows the experiment results at transmitter- 
receiver distance of 50cm in silt loam soil. It can be seen that in Fig. 3.10a there 
is a decrease of 5 dB as moisture level goes from 0 to 50 and frequency increases. 
Figure 3.10b uses the frequency of 200 MHz to show the soil moisture effect at 
varying depth levels. There is a consistent path loss decrease at each depth value as 
the soil moisture level increases from 0 to 50 CB. For example, path loss decreases 
5 dB, 3 dB, 5dB, and 3dB at depths of 10cm, 20cm, 30cm, and 40 cm, respectively, 
with increasing soil moisture. Figure 3.10c plots the path loss by keeping the fixed 
depth value, i.e., 10cm, and varying frequency. For fixed depth of 10cm, path loss 
decreases by 2dB (at 250 MHz) and 3dB (at 250 MHz). 

Figure 3.11 shows the experiment results at transmitter-receiver distance of Im 
in silt loam soil. In Fig. 3.11a, a 3 dB decrease in path loss can be observed at 250 
MHz as soil moisture goes from 0 to 50 CB. In Fig. 3.1 Ic, experiments with varying 
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Fig. 3.10 Attenuation with soil moisture in silt loam soil at 50 cm distance: (a) »S 2 i, (b) effect 
of change in soil moisture at different depths at 200 MHz frequency, (c) effect of change in soil 
moisture at different frequencies at 10 cm depth [33] 



Frequency (MHz) 



(a) 


(b) 


(c) 


Fig. 3.11 Attenuation with soil moisture in silt loam soil at 1 m distance: (a) 521, (b) effect of 
change in soil moisture at different frequencies at 10 cm depth, (c) effect of change in soil moisture 
at different depths at 200 MHz frequency 


frequency and fixed depth of 10cm show that path loss decreases by 2-3 dB as 
soil moisture goes from 0 to 50 CB. This difference increases further as frequency 
increases. Figure 3.11b uses the frequency of 200 MHz to show the soil moisture 
effect at varying depth levels. The trend is similar to the one observed in Fig. 3.10b, 
i.e., path loss decreases with increasing depth. For example, path loss decreases 1 
dB, 5 dB, 5dB, and 4dB at depths of 10cm, 20cm, 30cm, and 40 cm, respectively, 
with increasing soil moisture. 

Figures 3.12 and 3.13 show the effect of soil moisture on path loss for sandy 
soil at transmitter-receiver distance of 50cm and Im, respectively. Values of soil 
moisture considered for this experiment are in the range of 0 to 255 CB. In 
Fig. 3.12a, it can be seen that the path loss is minimum at 300 MHz and after 
300 MHz it starts increasing. Figure 3.12b shows that, for a fixed depth of 10cm, 
path loss is showing negative trend (increasing) at 200 MHz and positive trend 
(decreasing) at 250 MHz and 300 MHz. Figure 3.12c plots the effect of soil moisture 
with fixed frequency but varying depths. It can be observed that for all depth levels 
path loss is increasing with decreasing soil moisture. The reason for this is the 
change of resonant frequency to high spectrum with decreasing soil moisture. 

Figure 3.13a shows similar trends as of Fig. 3.12a, however, for Im distance 
path is minimum at 250 MHz at 0 CB soil moisture level and it is minimum 300 
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Fig. 3.12 Attenuation with soil moisture in sandy soil at 50 cm distance: (a) 821 , (b) effect of 
change in soil moisture at different frequencies at 10 cm depth, (c) effect of change in soil moisture 
at different depths at 200 MHz frequency [33] 



Fig. 3.13 Attenuation with soil moisture in sandy soil at 1 m distance: (a) 5'2i, (b) effect of change 
in soil moisture at different frequencies at 10 cm depth (c) effect of change in soil moisture at 
different depths at 330 MHz frequency [33] 


MHz at 255 CB soil moisture level. In Fig. 3.13b, path loss is decreasing at 200 
and 250 MHz and decreasing at 300 MHz as soil moisture goes from 0 to 250 CB. 
Figure 3.13c shows decrease in path loss for all depths at 200 MHz. 

These experiments conclude that soil moisture is inversely proportional to path 
loss, i.e., path loss increases with decrease in soil moisture for both soil types. This 
is because of high permittivity at high soil moisture. 


3.2.4.5 Power Delay Profile Measurements 

Figure 3.14 shows the result of power delay profiling (PDF) for the experiments at 
50cm and Im. 

Speed of the wave in soil is given as: S = cin, where n is the refractive index 
and c is the speed of light 3x10^ m/s. Since the permittivity of soil is a complex 
number, the refractive index of soil is calculated as: 


V e'2 + + e' 


n = 


2 


(3.2) 
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Time Delay (ns) Time Delay (ns) 

(a) (b) 



Time Delay (ns) Time Delay (ns) 

(c) (d) 

Fig. 3.14 Power delay profiles (PDP) measured at 50 cm and 1 m distance, at different depths in 
silt loam soil at near-saturation: (a) 10 cm, (b) 20 cm, (c) 30 cm, (d) 40 cm [33] 


where e' and e" are the real and imaginary parts of the relative permittivity of the 
soil. 

The wave speed is calculated in silt loam soil using refractive index. Refractive 
index is calculated as 5.6 x IO 7 on the basis of properties given in Table 3.2. It is 5 
times slower and 19% of speed of light. 

Figure 3.14 shows the results from the experiments done at the distance of 50cm 
and Im for all depths. First multipath component is the direct wave. It is present at 
delay of 18-28 ns at 50cm and is not appearing for Im distance. The reason for this 
is that direct wave is more attenuated at Im than 50cm. Lateral waves can be seen at 
time delay of 30-40 ns as the strongest component among all PDFs. The delay for 
lateral wave is similar for both, Im and 50cm, because it propagates faster in air. In 
general, power of lateral wave is 10-15 dB faster than direct wave. 

Figure 3.15 compares PDP for all four depths at the distances of 50cm (see 
Fig. 3.15a) and Im (see Fig. 3.15b) between transmitter and receiver. It can be 
observed from the results that if distance is kept same, increase in depth causes 
decrease in power and time delay of received signal. For example, at Im, peak power 
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Time Delay (ns) 

(a) 



Time Delay (ns) 

(b) 


Fig. 3.15 Power delay profile in silt loam soil at different depths at: (a) 50 cm T-R distance, (b) 1 
m T-R distance [33] 


of lateral wave is — 75 dB and — 83 dB at the depth of 10cm and 40cm, respectively. 
Similarly, same trend is seen for the time delay, i.e., in Fig. 3.15a lateral wave arrives 
at 29 ns and 32 ns at the depth of 10cm and 40cm, respectively. 

Figure 3.16 shows the PDF measurement results at distance of 50cm and Im and 
depth of 20cm. The effect of soil moisture is measured by varying the soil moisture 
values. For both distances, the received signal strength is increasing with decreasing 
soil moisture. An important observation to note is that direct component vanishes 
with increasing distance due to higher soil attenuation. 

Figure 3.17 shows the measurement of PDF with different type of soil. It is 
observed that, due to its low water holding capacity, the power of received signal 
is highest in sandy soil as compared to silt loam and clay loam soil. 


3.2.4.6 UG Antenna Return Loss Measurements 

The return loss of the antenna (in dB) is calculated as: 


RLdB = 201ogio 


'^a + ^0 


(3.3) 


where = the antenna impedance and Zq = the characteristics impedance of the 
transmission line. 

RL 

The reflection coefficient F is calculated using return loss as: |r| = 10 20 . 
Reflection coefficient is converted to impedance using: Z^ = Zpy^. Standing 

wave ratio (SWR) is calculated as: SWR = 

The frequency where the antenna’s input impedance is pure resistance is known 
as resonant frequency (/^). At resonant frequency /^: 
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Time Delay (ns) Time Delay (ns) 

(a) (b) 



Time Delay (ns) Time Delay (ns) 

(c) (d) 

Fig. 3.16 Power delay profiles (PDP) measured at 50 cm and 1 m distance, at 20 cm depths for 
different soil moisture levels: (a) 0 CB-50cm, (b) 50 CB-50cm, (c) 0 CB-lm, (d) 50 CB-lm [33] 



Fig. 3.17 Power delay profiles (PDP) measured in different soils: (a) silt loam, (b) silty clay loam, 
(c) sandy soil 


^a\f=fr — 

It is the frequency where return loss is maximum such that: 


(3.4) 


fr = maxiRLds). 


( 3 . 5 ) 
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The return loss experiments are done to measure the effect of soil type, soil 
moisture, and burial depth on the resonant frequency of the UG antenna. 


3.2.4.7 Effects of Soil Type 

Figures 3.18 shows the effect of soil type on antenna return loss. There is a 
difference of 63 MHz, 59 MHz, 55 MHz, and 43 MHz at the depths of 10cm, 20cm, 
30cm, and 40cm, respectively. 


3.2.4.8 Impact of Change in Soil Moisture 

Figure 3.19 shows different parameters effecting the return loss of antenna. It uses 
the soil matric potential values from 0 to 50 CB for all experiments. The soil used 
for this experiment is silt loam soil. Figure 3.19a shows the return loss for 10cm 
depth at varying frequencies. It can be seen in Fig. 3.19b, for a soil moisture values 
of 0 CB and 50 CB, resonant frequency changes from: 211 MHz to 219 MHz at the 
depth of 10cm, 221 MHz to 227 MHz at the depth of 20cm, 221 MHz to 231 MHz 
at the depth of 30cm, and 201 MHz to 231 MHz at the depth of 40cm. 

In Fig. 3.19c, at shifted frequency, reflection coefficient changes from: —15 dB 
to —17 dB at the depth of 10cm, —18 dB to —15 dB at the depth of 20cm, —20 
dB to —17 dB at the depth of 30cm, and —20 dB to —18 dB at the depth of 40cm. 
Figure 3.19c plots change in antenna bandwidth at soil moisture values of 0 CB and 
255 CB. It can be observed that with decreasing soil moisture bandwidth changes 
from: 40 MHz to 29 MHz at the depth of 10cm, 30 MHz to 34 MHz at the depth 
of 20cm, 39 MHz to 34 MHz at the depth of 30cm, and 37 MHz to 30 MHz at the 
depth of 40cm. 

Figure 3.20 plots the return loss for sandy soil with change in soil moisture. 
It uses the soil matric potential values from 0 to 255 CB for all experiments. 
Figure 3.20a shows the antenna return loss for 10cm depth. The resonant frequency 



Frequency (MHz) Frequency (MHz) 


(a) 


(b) 


Fig. 3.18 Change in return loss in different soil: (a) silt loam, (b) sandy soil [33] 
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Frequency (MHz) 


Burial Depth (cm) 


(a) 


(b) 



Fig. 3.19 Return loss in silt loam soil: (a) Sn at different frequencies, (b) change in resonant 
frequency with burial depth, (c) reflection coefficient (dB) at different burial depths, (d) antenna 
bandwidth at different burial depths [33] 


changes from 278 MHz to 305 MHz with decrease in soil moisture. It can be seen in 
Fig. 3.20b, for soil moisture values of 0 CB and 255 CB, resonant frequency changes 
from: 276 MHz to 301 MHz at the depth of 20cm and 30cm, and 251 MHz to 279 
MHz at the depth of 40cm. 

In Fig. 3.20c, reflection coefficient changes from: —20 dB to —16 dB at the depth 
of 10cm, —14 dB to —12 dB at the depth of 20cm, — 31 dB to —15 dB at the depth 
of 30cm, and —16 dB to —15 dB at the depth of 40cm. Figure 3.20d plots change in 
antenna bandwidth at soil moisture values of 0 CB and 255 CB. It can be observed 
that as the soil moisture decreases bandwidth changes from: 22 MHz to 8 MHz at 
the depth of 10cm, 23 MHz to 15 MHz at the depth of 20cm, 25 MHz to 16 MHz at 
the depth of 30cm, and 18 MHz to 16 MHz at the depth of 40cm. 

The analysis has shown that antenna return loss is affected by soil moisture for 
sandy and silt loam soils. As the soil moisture increases, the resonant frequency goes 
to lower range. Contrary to over-the-air communications, resonant frequency and 
optimal frequency (where maximum capacity is achieved) of antenna are different. 
Finding an optimal frequency for UG antenna in soil is a potential area to work on. 
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Frequency (MHz) 

(a) 




Reflection coefficient (dB) Burial Depth (cm) 


(c) 


(d) 


Fig. 3.20 Return loss in sandy soil: (a) Sn at different frequencies, (b) change in resonant 
frequency with burial depth, (c) reflection coefficient (dB) at different burial depths, (d) antenna 
bandwidth at different burial depths [33] 


3.2.4.9 Impact of Burial Depth 

Figure 3.18 shows the effect of burial depth on return loss in sandy soil (Fig. 3.18b) 
and silt loam (Fig. 3.18a). The chosen depths are: 10cm, 20cm, 30cm, and 40cm. 
Resonant frequency increases from 215 MHz (at 10cm depth) to 227 MHz (at 20cm 
depth) and decreases to 220 MHz (at 30cm) and 208 MHz (at 40cm). Reflection 
coefficient is —19.92 dB, —15.76 dB, —16.04 dB, and —19.57 dB at the depths of 
10cm, 20cm, 30cm, and 40cm, respectively. To analyze the bandwidth of antenna, 
— 10 dB is chosen as threshold power value. Bandwidth is measured as 40MHz, 
32 MHz, 37MHz, and 42 MHz at the depths of 10cm, 20cm, 30cm, and 40cm, 
respectively. 

Figure 3.18b shows the effect of sandy soil on return loss. As in the case of silt 
loam soil, resonant frequency increases from 278 MHz (at 10cm depth) to 286 MHz 
(at 20cm depth) and then decreases to 275 MHz (at 30cm) and 251 MHz (at 40cm). 
Reflection coefficient is —19.92 dB, —15.76 dB, —16.04 dB, and —19.57 dB at 
the depths of 10cm, 20cm, 30cm, and 40cm, respectively. Reflection coefficient is 
—20.66 dB (for 10cm depth), —14.57 dB (for 20cm depth), —32 dB (for 30cm 
depth), and —16.07 dB (for 40cm depth). Bandwidth was measured as 22MHz, 
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21 MHz, 26 MHz, and 17 MHz at the depths of 10cm, 20cm, 30cm, and 40cm, 
respectively. 

It is very important to characterize underground channel models to design loUT 
applications [27, 33, 41, 55-59, 61, 62, 64, 65, 71, 72] In this chapter, design of 
different types of testbeds for underground channel modeling is presented. It also 
presented a detailed measurement campaign which was completed over several 
years. Empirical results for the underground antenna performance and underground 
channel transfer functions were presented using different types of soil (sandy 
and silt loam). Experiments show that indoor testbed gives speedy, efficient, and 
improved characterization of underground communications. Erom experiments, it 
is shown how soil moisture, soil texture, and burial depth of the antenna effect 
the performance of underground channel and communication. These empirical 
measurements can act as the preliminary step in designing next generation loUT 
communication protocols for the development of improved wireless underground 
communications [34-40, 42-54, 63, 68]. 


3.3 UG Channel Models 

Ideally, a generalized UG channel model is needed for an optimized and inte¬ 
grated UG applications. However, it is a very challenging task because of many 
factors involved in an underground ecosystem. These factors include: unpredictable 
environment, continuously changing topology, capacity of the channel, operational 
frequency, and antenna parameters. The capacity of a channel is an important metric 
for analysis of the performance of communication channel. Optimal operational 
frequency can be defined as the frequency at which system achieves maximum 
bandwidth. Eor a given antenna design, change in bandwidth, return loss, path loss 
because of soil moisture and frequency also result as a change in optimal operational 
frequency. Underground devices must adapt, in real-time, to changes that may occur 
because of soil moisture. 

In [25, 59], the electromagnetic fields of antennas in half space and infinite 
dissipative medium have been theoretically derived. However, it assumes that the 
dipole antennas are matched and do not consider the return loss. [22, 71, 72] 
measures the impedance of dipole antenna in a solution. It discusses the effect 
of antenna depth on the length of the dipole, solution surface, and the complex 
permittivity of the solution. However, that does not apply to WUSN because the 
soil permittivity is not same as of solution and it does not consider the effect on 
permittivity due to change in soil moisture. 

The permittivity model in [11, 30, 39] provides the basis for developing path 
loss model in WUSNs channel. References [28, 70] were first to model the 
underground-to-underground (UG2UG) communication channel. In [13, 65], the 
authors develop a three-path channel model for the explanation of electromagnetic 
waves propagation in soil. They use electromagnetic analysis and testbed verifica- 
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tion for the model. References [6, 14, 67] develops underground-to-aboveground 
communication models and [14] verifies them through testbed experiments. 

Cognitive radio networks are made up of software-defined radios and have 
recently gained popularity [3, 27]. Most of the literature uses them to deal with 
scarcity of the spectrum. While there are studies on using cognitive radio to develop 
underwater solutions [4, 13, 76], there are no solutions, to the best of our knowledge, 
that consider cognitive radio for wireless underground communication. Moreover, 
impact of soil moisture on the WUSN communication in terms of path loss, antenna 
return, loss and bandwidth, has not been yet analyzed. 

In the following sections, different UG channel models are discussed with 
experimental setup and results. 


3.4 Underground Soil Propagation Models 

There are three major components of a wireless signal: direct wave (DW), reflected 
wave (RW), and lateral wave (LW) (Fig. 3.23). A signal, propagating through 
the soil, can exhibit any of the three paths involved in an underground channel 
propagation. Among these three paths, DW and RW are through soil only. However, 
LW propagates through, both, soil and air [34, 58]. This section presents the 
discussion on the characterization of the propagation of these three waves through 
various channel models. 


3.4.1 Path Loss Model 

In this section, a path loss model is developed to predict the impact of soil type, soil 
moisture, operation frequency, distance, and burial depth of sensors for through-the- 
soil wireless communications channel. The soil specific model is developed based 
on empirical measurements [61] in a testbed and field settings. The model can be 
used in different soils for a frequency range of 100 MHz to 1 GHz. The standard 
deviation between measured and predicted path loss is from 4 dB to 6 dB in the silt 
loam, sandy, and silty clay loam soil types. The model leads to development of 
sensor-guided irrigation system in the field of digital agriculture [71]. 

Digital agriculture [48, 64, 65, 71] is an emerging field in which technology 
is used to effectively manage agriculture by understanding the temporal and 
spatial changes in soil, crop, production, and management through innovative 
techniques. In literature, the Hata-Okumura models are widely used for prediction 
and simulation of signal strength in cellular environments. Such empirical models 
do not exist in digital agriculture to predict path loss in through-the-soil wireless 
communications channel. The wireless communications in wireless underground 
channel is effected by different factors [40, 61] (e.g., soil type, soil moisture, 
operation frequency, T-R distances, and burial depths). The prediction of path 
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loss in through-the-soil communications is vital for digital agriculture sensing and 
communication system design. In this section, a path loss model is developed to 
predict the impact of soil type, soil moisture, operation frequency, distance, and 
burial depth of sensors. 


3.4.2 Model Parameters 

The standard formula for the model is given as 161]: 

Prif, 8, 0, p, v) = -58.8 - 20 X logl0(rl) - 20 x Iogl0(r2) - 20 x logl0(8)+ 

((v X —10)-|-y) X 3—§ X rl—§ x r2—§ x ((/)-{-p)-\-F-\-K 

(3.6) 

where / is the operational frequency, 8 is the distance between transmitter and 
receiver, 0 and p are the transmitter and receiver depths, respectively, v is the 
volumetric water content in percentage unit, rl = (0 — p)^ -h 8^), r2 = 

y(0 -h p)^ -h 5^, K is the soil dependent constant, and F is the frequency dependent 
constant. The y and soil moisture and soil attenuation factor, respectively, are 
given in (3.7) and (3.8): 


y =pl * -h p2 * -h p3 * / -h p4 
where pi = - 1.6748^“^^, 

p2 =3.8512^-^^ (3.7) 

p3 = - 3.6971^“^^ 
p4 = - 4.9007, 


^ =((v * 10) * (pi * /) -h p2 + v) * 8.7 + (v * 20) 
where pi =4.1355^“^^ (3.8) 

p 2 =2.1161 

and the path loss PL is given as: 

PL(/, 5, 0 , p, v) = Pt + Gt + Gr- Prif, 8, 0 , p, V) (3.9) 

where Pt is the transmitted power, Gt is the transmitter antenna gain, and Gy is the 
receiver antenna gain. The values of soil dependent constants are given in Table 3.3. 

The frequency dependent constants for silty clay loam, sandy, and silt loam soil 
types are given in Tables 3.4, 3.5, and 3.6, respectively. 
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Table 3.3 Soil dependent 
constant 


Table 3.4 Numerical values 
of frequency dependent 
constant for silty clay loam 
soil 


Table 3.5 Numerical values 
of frequency dependent 
constant for sandy soil 


Table 3.6 Numerical values 
of frequency dependent 
constant for silt loam soil 


Param 

Silty clay loam 

Sandy 

Silt loam 

K 

1 

21 

6 


Frequency 

5 < 1 m 

5 > 1 m 

/< 300 MHz 

5 

15 

300 MHz < / < 600 MHz 

-10 

5 

/> 600 MHz 

-25 

1 


Frequency 

5<1 m 

5 > 1 m 

/< 400 MHz 

1 

15 

400MHz </<600MHz 

-15 

15 

/> 600 MHz 

-15 

1 


Frequency 

<5 < 1 m 

<5 > 1 m 

/< 400 MHz 

1 

15 

400 MHz < / < 600 MHz 

-15 

1 

/> 600 MHz 

-25 

1 


3.4.3 Model Validation with Empirical Data 

The model is validated through data collected during an empirical campaign in an 
indoor testbed and outdoor field settings [48, 61]. The measured and model results 
are compared in Figs. 3.21 and 3.22. The experiments are performed in silt loam, 
sandy, and silty clay loam soil at 50 cm and 1 m distances. It can be observed that 
the path loss changes with change in the soil type. The sandy soil has 19dB less 
path loss as compared to the silt loam soil. The soil types rich in clay content suffers 
from higher propagation path loss because of the higher water holding capacity 
[16, 43]. Overall, the developed model matches with an empirical measured data 
with maximum prediction difference of 5 dB. 

It can also be observed that the path loss in through-the-soil wireless com¬ 
munications is high. A 50 cm increase in the communication distance, i.e., T-R 
separation, leads to 21 dB increase in the propagation path loss due to complex 
permittivity of the soil [30, 36]. The short communication range is a major 
challenge in development of in-soil communications system for digital agriculture 
field operation. Therefore, an advanced signal processing technique (e.g., moisture 
adaptive beamforming, multi-carrier) is needed for long-range communications in 
soil for sensor-guided variable-rate irrigation applications [34, 58, 71]. 

1. Path differences because of soil type. 

2. Soil moisture impact on Path Loss. 

3. Effect of operation frequency. 

4. Distance and depth 
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Frequency (MHz) Frequency (MHz) 


(a) 


(b) 



Frequency (MHz) 


(c) 

Fig. 3.21 The model comparison with measurement data: (a) in silty clay loam at 1 m, (b) in silty 
clay loam at 50 cm (c) in silt loam at 1 m 


Based on an extensive set of measurements, a model has been developed to 
investigate the impact of different parameters on communications in silt loam, 
sandy, and silty clay loam soils. The model is useful to predict the propagation path 
loss in digital agriculture through-the-soil wireless communications channel. For in¬ 
soil system design, the model allows path loss prediction in various soil types under 
different soil moisture levels without conducting extensive measurements. 


3.4.4 Two-Ray Underground Reflection Model 

The two-ray UG reflection model considers two signal paths for channel modeling, 
i.e., DW and RW (Fig. 3.23) [36, 39, 70]. DW is direct between sender and receiver 
whereas RW is the path of the wave reflected from the ground. Reflected wave is 
completely negligible at high depths because of longer propagation path. Therefore, 
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Frequency (MHz) 

(a) 



Frequency (MHz) 


(b) 



Frequency (MHz) 


(C) 


Fig. 3.22 The model comparison with measurement data: (a) in silt loam at 50 cm, (b) in sandy 
soil at 1 m (c) in sandy soil at 50 cm 

Air 


Lateral Wave 



Fig. 3.23 EM wave propagation in soil [61] 


only direct path is dominant in the communication. Hence, an adjusted Friis free 
space path loss equation for the soil is given as: 


Pr — Gt ^ Gr Pf — Lp, 


( 3 . 10 ) 
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where Pr is the received power, Gt is the transmitter gain, Gr is the receiver antenna 
gain, Lp = Lq -\- Ls where Lq is the free space path loss, and is the path loss 
exhibited in soil. + L^, where La is the transmission loss and is the 

attenuation loss due to difference of wavelength in soil and free space. Lp is given 
as (in dB): 

Lp = 201ogio((i) + 201ogio(^) + 8.69 • A •d + 6.4, (3.11) 

where d is the distance in meters, A is the attenuation constant, B is the phase shift 
constant. Path loss results are shown in Fig. 3.24. 

Figure 3.24b compares the path loss in soil with the path loss in the free space 
for soil moisture. It is observed that path loss increases with the increase in soil 
water content. For example, at 5 % volumetric water content (VWC), path loss in 
soil exceeds free space path loss by 64dB. It becomes worse as the VWC reaches 
to 25 %. 


3.4.5 Three-Ray Underground Reflection Model 

Three-wave channel model also considers lateral waves [12, 27]. Lateral waves 
propagate through soil and air medium (Fig. 3.23). These waves are modeled as 
follows: 

Direct Wave The direct wave has a line-of-sight path between the sender and 
receiver, i.e., no obstruction is present between both ends and wave completely 
travels through the soil. It is expressed as: 

3^1 = , (3.12) 

where Tf^ is the averaged Poynting vector, distance between the transmitter and 
receiver is given by r \; is a constant factor and its valu e relie s on the permittivity 
of the soil, wave number in soil is ks = fis A- iots = and is the phase 

shifting constant, as attenuation constant; oo = 27r/, where / is the wave frequency; 
/XQ is the permeability and 6^ is the soil permittivity. 

Reflected Wave Soil and air have different permittivity values. This difference in 
permittivity causes a wave to reflect and is known as reflected wave. Similar to direct 
waves, complete travel path of reflected waves is also through soil. The reflected 
wave is expressed as: 




r 

av 


= Dr 



gi2ksr2 




(3.13) 





Path Loss (dB) Path Loss (dB) 
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(a) 



(b) 


Fig. 3.24 Two-wave path loss model [70]: (a) path loss with variation in distance at different 
frequencies, (b) path loss with variation in frequencies at different VWC 
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where Dr represents the permittivity dependent constant. The length of reflection 
path r 2 is given as: 


ri = y {ht + hr)'^ + (fi 

and r is the reflection coefficient given by [24] : 

^ i cos Ori - COS Ort 
\ COS Ori + COS Ort ’ 


(3.14) 


(3.15) 


where Ori and Ort are the incident and refracted angle, respectively, n represents the 
refractive index of soil. As per Snell’s law, 


sin Ori = 


cos Ori = 


ri 


ht “h hr 
ri 


, sin Ort = ^ sin Ori ^ cos Ort = \l i — sin^ Ort- 


To determine the refractive index of soil, real imaginary parts of soil relative 
permittivity are used as follows: 




(3.16) 


Lateral Wave Unlike DW and RW, travel path of LW is through soil and air. It 
propagates horizontally, along soil-air interface and reaches the receiver through 
soil. Therefore, propagation model for the lateral wave is the mix of both soil and 
air. The lateral wave is given as: 


n 


4 


A 

47r 


^i2ks{ht+hr) ^ilkod 


T^G, 


(3.17) 


where Di is based on permittivity of the soil and is a constant value, T is the 
refraction coefficient calculated as : 


2 cos On 


n cos On + cos On 


(3.18) 


The power received by DW component is given as + 201ogiQk5 — 

201og^Q ri — 8.690(5ri — 45 . The power received by reflected component is given 
by: = Pt + 201ogio — ^Olog^o ^2 — 8.69a5r2 + 201ogio T — 45 . Similarly, 

for lateral wave it is: P^ = P^ -\- 201ogio^5 “ 401ogio^ “ S.69as(ht + hr) + 
201ogioT - 30, 
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— EM Analysis, depth=0.1m 

- « - 3W Model, depth=0.1 m 
—o—EM Analysis, depth=0.4m 

- e - 3W Model, depth=0.4m 
-^EM Analysis, depth=0.8m 

- A - 3W Model, depth=0.8m 



Distance (m) 

(b) 


Fig. 3.25 Comparative results for the models at: (a) volumetric water content of 10%; (b) 
volumetric water content of 35 % [58] 


= A + 201ogio - 201ogio ri - S.69asn - 45, 

= Pt + 201ogio - 201ogio n - ^.69asr2 + 201ogio T - 45, 

P^ = Pt+ 201ogio^. - 401ogio4 - 8.69a,(/jf + hr) + 201ogio T - 30, 

(3.19) 

and the total received power is expressed as: 

pD pR pL 

Pr = 101ogio(10T^ + 101^ + lOifr) . (3.20) 

Figure 3.25 gives a comparison graph between attenuation of the model and EM 
wave. The graph is for multiple distances and two different soil moisture levels of 
10% and 30%. The parameters include depths of 10 cm, 40 cm, and 80 cm, and 
distance of Di = 0.15, and Dd =Dr = 0.005. Maxwell equation is used for EM 
analysis. EM analysis also uses electromagnetic field analysis presented in [26, 33, 
65]. With increase in depth of 0.1 m to 0.81 m, up to 21 dB of attenuation is observed 
at 10% VWC. Similarly, for same values of distance and depth, the attenuation 
increases by 130 dB, at 35 % VWC. 

The 3-wave model shows better match with empirical measurements than two- 
wave model (Fig. 3.26). Empirical measurements are obtained using Mica2 motes 
with 10 dBm transmit power and burial depth of 40 cm. The minor difference 
between empirical measurements and 3-wave model is because of inaccuracies in 
received signal strength of Mica2 motes. 
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Fig. 3.26 Comparing with measured data at burial depth=0.4 m 

3.5 UG Channel Impulse Response Model 

An efficient communication scheme requires an in-depth investigation of an under¬ 
ground channel model. To that end, a UG channel impulse response model 
characterizes the underground channel, helps in designing the physical and link 
layer protocols, and ensures that the required bandwidth is provided for the effective 
communication. This section presents the UG channel impulse response model 
[35, 44, 61]. Moreover, outdoor experiments for validation of UG channel models 
is a challenging task due to changing weather conditions and highly dynamic 
properties of the soil medium. To that end, an indoor testbed can be developed to 
simulate the outdoor environment for underground channel characterization. 

The results show that indoor testbed is an efficient way to validate UG channel 
models. It also gives the flexibility of using different types of soil which is very 
difficult to do in outdoor setup. The effect of soil properties and implementation 
parameters, e.g., soil moisture, texture, and burial depth, has been analyzed on UG 
communication and performance of UG antenna. Moreover, power delay profile 
of UG channel was also analyzed. Results from the experiments facilitate the 
development of a mature WUSN platform for the practical implementation. 

UG channel impulse response of a wireless underground channel is given as [61]: 



(3.21) 


where the total number of multipaths is given as N, gain and arrival delay for the 
n-th multipath are represented by and r^, respectively. 
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Impulse response of the UG model with all three wave components, i.e. RW, DW, 
and LW, is given as: 


L-l D-l R-l 

hug{t) = ^ ai&{t - T/) + ^ adS{t - Tj) + ^ arS{t - Xy) , (3.22) 

/=0 d =0 r =0 


where L, D, and R represent the lateral, direct, and refracted wave multipaths, 
respectively. 

The magnitude square method gives the total received power of these compo¬ 
nents [37, 63]. This method sums up the power of all three components over the 
total delays of the components. 


L-l D-l R-l 

/=0 d =0 r =0 

After calculating the total received power, path loss is given as: 

PL(dBm) = Gr(dBi) + G^(dBi) + P^(dBm) - P^(dBm), (3.24) 


Gr is the receiver gain, Gt is the transmitter gain, Pt is the transmitted power, and 
Pr is the received power. 

Metrics for Impulse Response Characterization 

The metrics for the analysis of the impulse response model are: mean excess delay 
and RMS delay spread [55, 64]. Time between the first and last component arriving 
at receiver is known as excess delay. Mean excess delay (r) is defined as the first 
power delay profile (PDF) definition [31]: 


T = 


E Pn 

k 


T.Pk ’ 

k 


(3.25) 


where Xk is the k-i\\ bin delay, and absolute instantaneous power, of k-i\\ bin, is given 
by Pk. It is important to mention that multipath component is only considered when 
it is within 30 dB of the strongest component. 

In wireless channel, the inter-symbol interference (ISI) is given by Root Mean 
Square (RMS) delay spread as follows [31]: 

trms = 7(T^) - (t)2 , (3.26) 

where (t^) = E Pk^^lt E Pk, 

k k 
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(j^) =^Pk 


k 



y , 


(3.27) 


where Zk is the delay of the ^-th bin, and Pk is the absolute instantaneous power at 
k-th bin. 


3.5.1 Testbed Setup 

Testbed shown in Fig. 3.2 is used to conduct experiments for wireless channel 
modeling. It is an indoor facility housed in a greenhouse setting [46, 61]. UG 
communication devices have been used with burial depth of 50 cm which is close 
to the earth surface [5, 43]. Four dipole antennas are buried at the four different 
depths of: 10 cm, 20 cm, 30 cm and 40 cm, at horizontal distances of 50 cm and 1 m 
[49, 61]. The maximum distance is kept at 1 m due to the fact that signal attenuates 
more in the soil. It is helpful in analyzing the channel symmetry by reversing node 
roles, i.e., switching transmitter and receiver. Furthermore, it also helps to verify 
accuracy and repeatability of the experiments. Using the multiple burial depth will 
allow to measure the effect of the burial depth on channel performance. Water is 
drained through the pipes at the bottom of the testbed. Soil is packed to simulate the 
same bulk density as of the field. 

Soil moisture has a large effect on the performance of UG communication 
channel. Hence, the effect of this important property of soil should also be measured 
with channel characterization. To that end. Watermark sensors are used to measure 
the time-varying soil moisture values as it is less prone to error. An outdoor testbed 
has also been prepared. It consists of dipole antennas buried at 20 cm depth at 
distances of up to 12 m. Table 3.1 shows properties of the soils used in the testbed. 


3.5.2 Time-Domain Parameters 

The impulse response metrics used for the characterization of UG channel are: 
Excess delay, mean access delay given by Eq. (3.25), RMS delay spread [7, 31, 
50, 51, 66] given by Eq. (3.26), and coherence bandwidth [21, 53]. 

The difference between fiat fading and frequency selective channels lies in 
the extent of frequency distortion of different components. In frequency selective 
channel, each component has different distortions whereas distortion is same for all 
components in fiat fading channel. In fiat fading channel, delay spread is always less 
than the symbol period [40, 54]. In over-the-air channel (OTA), channels become 
frequency selective due to mobility whereas in UG channel soil properties (texture, 
moisture, soil-air interface, etc.) and other organic matter present in the soil cause 
major disturbance in the channel. 
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Fig. 3.27 (a) Mean excess delay in silt loam soil for the indoor experiments, (b) excess delay in 
silty clay loam soil for the field experiments at the depth of 20 cm [61] 


Table 3.7 Silt loam experiment for indoor experiment: standard deviation (cr) and mean (/x) (ns) 
[61] 



Mean excess delay r 

RMS delay spread Trms 


50 cm 

Im 

50 cm 

Im 

Depth 

/X 

a 

/X 

a 

/X 

a 

/X 

a 

10 cm 

33.53 

1.24 

36.09 

0.80 

20.05 

2.24 

21.94 

2.32 

20 cm 

34.66 

1.07 

37.12 

1.00 

24.93 

1.64 

25.10 

1.77 

30 cm 

35.87 

0.72 

37.55 

0.65 

24.84 

2.17 

25.34 

3.41 

40 cm 

36.43 

0.74 

40.18 

0.94 

23.91 

2.84 

25.62 

1.87 


Excess delay of the UG channel is related to the transmitter-receiver separation 
(distance). It is also shown in Fig. 3.27a, where mean excess delay is plotted at 
the distance of 50 cm and 1 m at varying depths. Mean excess delay increases by 
2 ns to 3 ns for increase of 50 cm in a distance, i.e., 50 cm to 1 m. Table 3.7 shows 
the values for mean /x and standard deviation, a, at varying depths. It is observed 
that mean excess delay increases not only with increase in distance but also with 
increase in depth. Figure 3.27b plots excess delays along with the distance in silty 
clay loam soil at the depth of 20 cm. The graph shows that the excess delay is 116 ns 
for distance of up to 12 m. 

Figure 3.28b plots RMS delay spread at transmitter-receiver (T-R) distance of 
50 cm and 1 m. Similar to mean excess delay, RMS delay is also dependent upon the 
distance and burial depths. The increased delay spread is due to reflected and lateral 
waves. Table 3.7 presents the detailed RMS delay spread statistics for varying burial 
depths and distances. 

Another important metric for analyzing the impulse response of the channel is the 
coherence bandwidth [41, 68]. It is deflned as the inverse of RMS delay spread of 
UG channel. Figure 3.28d plots coherence bandwidth with T-R distances of 50 cm 
and 1 m. It is shown that coherence bandwidth decreases from 1 MHz to 600 kHz 
and then 400 kHz. As the RMS delay value increases, coherence bandwidth of the 
UG channel decreases. The coherence bandwidth is an important factor to consider 
























Coherence B\V (kHz) 



(c) 


(d) 


Fig. 3.28 (a) RMS delay spread distribution, Xrms in silt loam soil (indoor testbed), (b) RMS delay 
spread, Trms silty clay loam (field experiment), (c) coherence bandwidth distribution in silt loam 
soil (indoor testbed), (d) coherence bandwidth in silty clay loam (field experiment) [61] 


while designing practical UG communication systems. Section 3.5.2.1 discusses the 
effect of soil moisture, and Sect. 3.5.2.3 discusses the effect of change in operation 
frequency on underground communication system. 


3.5.2.1 Capturing the Water Content Changes 

Soil water can be classified as bound and free water. Bound water is present in the 
initial soil layer and is strongly held by soil particles, thus the named hound [16,48]. 
The strong bonding is because of osmotic and matric forces in the initial layers of 
soil and forces start decreasing after these layers. EM waves scatter because of the 
bound water in the soil [42, 45, 52]. Soil dielectric constant is dependent upon the 
soil moisture, therefore, it changes with the time as the soil moisture changes. The 
change in dielectric constant causes the wavelength of the signal to change which 
effects EM attenuation in the soil. Eigure 3.29a shows the soil moisture effect on 
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(a) (b) 



Soil Matric Potential (CB) Delay(ns) 


(C) (d) 

Fig. 3.29 Experiment from indoor testbed using silt loam soil: (a) variation in power with delay 
(Power Delay Profile (PDP)) [61], (b) variation in Path loss at different soil moisture values, (c) 
variation in RMS delay spread at different soil moisture values at distance of 50 cm, (d) mean 
amplitudes at all depths at distances of 50 cm and 1 m [61, 61] 


delay profiles. The results are for silt loam soil at the distance of 50 cm. It can be 
observed that gain consistently decreases for all delay range from 5 dB to 8 dB for 
complete power delay profile. 

Figure 3.29b plots the path loss with changing soil moisture. The experiments 
were performed at the distances of 50 cm and 1 m and burial depth of 10 cm in silt 
loam soil. It can be seen that path loss decreases by 7 % as the soil moisture changes 
from 0 cbar to 50 cbar (Centibar). 

The variation in amplitude and RMS delay spread are key factors in designing 
wireless communication system. It is due to the fact that parameters of the system 
which are suitable for low soil moisture value might not be effective for high 
soil moisture values. Therefore, a wireless communication system should have the 
ability to use the optimal values of the system parameters [3, 38]. 
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3.5.2.2 Soil Type Considerations 

Texture of a soil is determined by their particle size [20, 57]. Soil texture also plays 
an important role in the performance of communication system. Therefore, it is 
important to understand the impact of soil texture on communication systems. To 
that end, this section studies the impact of soil types on the metrics, i.e., RMS delay 
spread, mean excess delay, and path loss. The three different soils used for this 
experiment are: silt loam, silty clay loam, and sandy (see Table 3.8). The change in 
soil texture leads to significant changes in pore size, and space between the particles. 
Due to these differences, water retaining capacity of a soil also changes from one 
type to another [16, 47]. A soil with high water retention capabilities will suffer 
from high attenuation and vice versa. Furthermore, there is a trade-off between RMS 
delay and attenuation. Hence, soil retaining high water will have high attenuation 
but lower RMS delay and vice versa. 


3 . 5.23 Radio Frequency Selection 

Figure 3.30 studies the effect of frequency on attenuation of the signal. The 
experiment is done at the T-R separation distances of up to 12m and burial depth 
of 20 cm is used for both transmitter and receiver. For a distance of 2 m, a 24 dB 
of attenuation is experienced for a frequency increase of 200MHz, i.e., from 


Table 3.8 Standard deviation (a) and mean (/x) for all three soil types (ns) 



Mean excess delay 

RMS delay spread 

Path loss 


Distance 

Distance 

Distance 


50 cm 

Im 

50 cm 

Im 

50 cm 

Im 

Soil type 

/X 

a 

/X 

a 

/X 

a 

/X 

a 



Silty clay loam 

34.77 

2.44 

38.05 

0.74 

25.67 

3.49 

26.89 

2.98 

49 dB 

52 dB 

Silt loam 

34.66 

1.07 

37.12 

1.00 

24.93 

1.64 

25.10 

1.77 

48 dB 

51 dB 

Sandy soil 

34.13 

1.90 

37.87 

0.80 

27.89 

2.76 

29.54 

1.66 

40 dB 

44 dB 



Fig. 3.30 Attenuation with frequency [61] 
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200 MHz to 400 MHz. Similarly, an 80 % increase in attenuation is observed when 
distance is increased from 1 m to 12 m at a fixed frequency of 200 MHz. 

EM waves with higher frequency attenuate quickly in the soil because of its 
shorten wavelength due to high soil permittivity. Hence, to get large communication 
range, lower frequency is more desirable for communication in underground 
channel [47]. An optimal operation frequency is required for the optimal operation 
of a particular distance and depth combination. This shows that deployment of such 
system needs to be customized for a number of factors such as distances, depths, 
frequency range, and soil texture. 


3.5.3 Empirical Validation 

This section calculates the wave speed in soil to compare the results of models. The 
following equation calculates the speed of EM waves in the soil [10]: 

S = c/r], (3.28) 

where c is the speed of light measured in m s“^. The value of c = 3 x 10^ m s“^. 

T] is the refractive index of the soil. It is calculated as: r] = ^ 6^ 
and e" are the real and imaginary parts of soil’s permittivity, respectively. 

The three components of EM wave (DW rj, LW r/, and RW Xy) may arrive at 
different time. Therefore, time of arrival for all three components is given as: 


Trf = (5./5)+2x(L/5,), 

(3.29) 

Xr=2x (Ss/S) + 2 X {L/Sc) , 

(3.30) 

t; = 2 X (3,/5) + {Sa/c) + 2 X {L/Sc). 

(3.31) 


Some of the components may travel through the soil, therefore, and S in 
Eqs. (3.29), (3.30), and (3.31) represent the distance and speed of wave in the soil, 
respectively. Sc is the speed of the EM waves, and L is the length of EM waves in 
coaxial cable. 

Eor testbeds (Table 3.1), soil’s refractive indices (Table 3.9) are calculated using 
Eqs. (3.29), (3.30), and (3.31). Moreover, exact arrival time of all components is 
also measured for comparison with experimental results of these components. 

Eigure 3.31 compares the results for sandy, silt loam, and silty clay loam soils. 
The results from the three-wave model for UG channel are shown in dotted lines. 
The burial depth used for these results is 40 cm. These results are similar to the 
measurement results from the model. Owing to the high speed of lateral waves, 
it always arrives before all other components except at depth of 10 cm and T-R 
separation of 50 cm. 
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Table 3.9 Wave speed using refractive index (n) of soil [61] 


Soil type 

Speed in soil m/s 

% of c 

Refractive index n 

Silt loam 

5.66 X 10’ 

18.89 

5.28 

Sandy soil 

5.01 X 10’ 

16.71 

5.98 

Silty clay loam 

5.67 X 10’ 

18.91 

5.29 
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Fig. 3.31 Comparison of impulse response (represented by dotted lines) and impulse response 
model (represented by solid lines) for soil types of: (a) silt loam, (b) silty clay loam soil, and (c) 
sandy soil [61] 


It can be observed from Fig. 3.31 that the lateral wave is the dominant component 
of EM wave and suffers from least attenuation. The reason for this is that lateral 
waves travel from air and soil whereas direct and reflected components completely 
travel from the soil. 
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3.6 Underground Channel Sounding and Multipath 
Characteristics 

This section discusses the characterization of a wireless underground channel in 
terms of path loss, channel sounding, multipaths, and BER analysis. The experi¬ 
ments were conducted in underground testbed in SCAL (South Central Agricultural 
Laboratory). Theoretical foundation of these experiments along with results is 
explained in the following sections. 


3.6.1 Path Loss Experiments 

The testbed consists of 4 sets of buried dipole antennas. Each set contains four 
antennas buried at a distances of 50 cm, 200 cm, 400 cm, respectively, from each 
other. Burial depths are 10 cm, 20 cm, 30 cm and 40 cm, respectively. Eigure 3.32 
shows the testbed. 

A wideband Gaussian signal (2 MHz) RE waveform is transmitted from under¬ 
ground dipole antenna buried to 40 cm depth by using one USRR Signal is received 
on other buried dipole antenna by using USRPs connected to antennas buried at four 
different depths (10 cm, 20 cm, 30 cm and 40 cm) with a fixed T-R distance of 50 cm. 
Experiment is repeated for all these depths by varying the distance to 200 cm and 
400 cm. Eor each frequency, sender transmits data for one second. Receivers collect 



Fig. 3.32 The cable layout in the testbed [58] 
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PSD of Sent Signal 



IQ data of 4 Mega Samples. Receivers acknowledge sender after finishing and then 
transmitter moves to the next frequency. Three measurements are taken for each 
depth and distance. Analysis is done in Matlab [29]. GNU Radio [17] and USRPs 
[15] are used to conduct experiments. Figure 3.33 shows PSD of a sent signal. 

For spectral estimation and path loss analysis Welch’s method [73] has been 
used. This method is an enhanced form of periodogram analysis. By using a 
computationally efficient discrete Fourier transforms, data is divided into fixed 
blocks to calculate periodograms and modified periodograms. These modified 
periodograms are averaged to calculate the power spectrum. The analysis follows 
details from [73]. 

Collected data X[n], for n = 0, ..., A — 1, is divided into K blocks. Length of 
these overlapping block is L with a difference of D units from each other. Then 

Xi(j) = XU), j = 0...L-l (3.32) 


Similarly, 


X2(j) = X(j + D), j = 0... L - 1 (3.33) 

and 

Xk(j) = X(j + (K- 1)D), j = 0... L - 1. (3.34) 

For each block of length L, modified periodogram is calculated by 

selecting a data window W(j) for j = 0...L — 1, in order to form the 
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sequence Xi(j)W(j), ..., XxWij). Fourier transforms of these sequences 
Ai(n), ..., Ak(n) are taken as follows: 


1 

Ak(«) = jJ2 (3.35) 

j=0 

where i = (—1)^. K modified periodograms are obtained as follows: 

Ik(fn) = ^\Ak(n)\^ (3.36) 

where 

/„ = ^« = 0,..., L/2 (3.37) 

and 

1 

U = jJ2 

^ ;=o 

Power spectral density (PSD) is the average of these periodograms and is given by: 

1 ^ 

P(A) = - V4(/n) (3.39) 

^ k=o 

Figure 3.34 shows PSD of a received signal at 50 cm distance and depths of 10 cm, 
20 cm, 30 cm, and 40 cm. Sender’s burial depth is 40 cm. It is clearly evident that 
with an increase in burial depth PSD decreases significantly. 

Figure 3.35 shows received signal strength for depths of 10 cm, 20 cm, 30 cm, and 
40 cm. Received signal strength decreases significantly as burial depth is increased. 
Figure 3.36 shows path loss with varying frequencies at depths of 10 cm, 20 cm, 
30 cm, and 40 cm. Our results show that path loss increases significantly with 
frequency. This shows that lower frequencies (less than 500 MHz) are more suitable 
for underground communications. Results of path loss model are compared with 
theoretical model [12]. Received power for isotropic antennas with Gt = Gr = I 
and for all three components is given by Eq. (3.19) and total power is given by 
Eq. (3.20) [12]. 

Figure 3.37 compares experimental results with theoretical model of Eq. (3.20). 
Experimental results for 30 cm and 40 cm depth are in complete match with the 
theoretical model. In order to use wireless underground channel for effective and 
efficient communication, a characterization of its impulse response and multipath 
is needed. These characteristics like delay spread, power delay profile, and rms 
delay spread are crucial to characterize a wireless channel [33, 41, 58]. We 
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Fig. 3.34 PSD of received signal. J = 50 cm/ = 225 MHz [58] 



Fig. 3.35 Received signal strength J = 50 cm/ = 225 MHz 


have done underground channel measurement experiments to estimate multipath 
characteristics of underground channel. Experiment methodology is explained first 
followed by results of UG channel impulse responses as function of transmitter- 
receiver distance, burial depth, frequency, and soil moisture. 
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Fig. 3.36 The path loss with frequency 
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Fig. 3.37 Comparative analysis between experiment and theoretical results [58] 


3.6.2 Experiment Methodology 

A channel sounding system, designed in [23, 38], is used in experiments which 
follows channel measurement techniques of [9]. In this design, pseudo-random 
sequences are used for measurement of channel impulse response. These sequences 
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consist of series of 1 and — 1 and are generated by shift register. Auto-correlation 
function of these sequences s(t) is given by [9, 54]: 

Rs(^) = ^ f s(t)s(t - t) (3.40) 

f Jo 

Correlation output of the A-length x and y sequences is given as follows[18]: 


Rxy[n] = 


1 . 

N ’ 


ifn = 0,N,-N,2N,-2N,... 
otherwise 


(3.41) 


Let s(t) and r(t) be the sent and received signals, respectively. h(r) is an impulse 
response of the channel where r represents a multipath delay. r(t) can be written as 
a convolution of the s(t) with h(r). 


r(t) = y(r) (g) h(T) = 



s(t)h(T)dT 


(3.42) 


Important system parameters are summarized below [8]: 

1. Power delay profile (PDP): is described as power associated with each compo¬ 
nent delayed in time. It is given as [8]: 

P(t) = £^|c(t)2|j (3.43) 

2. Multipath Resolution: It is the capability to estimate the maximum detectable 
component. It is smaller than rate at which sequence starts repeating itself. 

3. Minimum Multipath Resolution: Difference between two contagious multipath 
components is called minimum multipath resolution and it depends on chip rate. 

4. Dynamic Range: Dynamic range is the ratio of the magnitude of the correlation 
peak and the magnitude of the maximum correlation value [8, 63]: 

DR = lOlogioCL^) (3.44) 

where L is the m-sequence length. It represents the ability to detect weak signals. 


3.6.2.1 Transmitter 

Our experiment uses Ettus Research’s Universal Software Radio Peripheral (USRP) 
[15] along with a GNURadio platform [17]. GNURadio and USRPs provide a 
very flexible, configurable functionality for implementation of this algorithm. The 
transmitter and receiver are synchronized by using MIMO cable of [15]. A shift 
register is used with angle of 10°, and 17 MHz bandwidth to give a resolution 



106 


3 Wireless Underground Channel Modeling 


of 60 ns. The sequence repeats after every 61 ps. This sequence is then amplitude 
modulated using root raised cosine filter (RRC) and forwarded to USRP block for 
transmission. Sent signal is given by [23, 45] 

s{t) = Y,x[n]p{t - nT,) (3.45) 

n 

The effects channel dispersion can be modeled as follows [23]: 

L-l 

h(t) = y]a/3(?-T/) (3.46) 

/=o 


Here L, o'/, r/ are the number of multipaths, complex gain of multipaths, and delays 
associated with multipaths, respectively. 


3.6.2.2 Receiver 

Received signal in time-domain is given by [23]: 

L-l 

r(t) = (v * h)(t) ^ aix{t - zi) (3.47) 

/=o 

Properly synchronized discrete symbol is given by: 

L-l 

r[j]) = - nT,) - n (3.48) 

1=0 n 

With the assumption that r/ is the integer multiple of Ts , then r/ = c/ Ts where cl is 
a nonnegative integer. Hence, 


L-l 

rin = I] «/ Y.^{n]p{{j -n- ci)?;] (3.49) 

1=0 n 


L-l 

= '^aixij - Cl] 
1=0 


Correlator’s output is given as: 


L-l 

Rcy[n] = corr{c, y) = ^ otiRcxln - q] 
1=0 


(3.50) 
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in this equation Rex is corr{c, y). Complex multipath gains a/ are found using 
Eqs. (3.41) and (3.50). Taking magnitude squared of these complex multipath gains 
ai gives us multipath delay profile. Path loss is obtained by subtracting combined 
power of all multipath components from the transmitted power. 

The system uses sliding correlator based channel sounding technique in literature 
and has been widely used by researchers for doing channel sounding in different 
environments. Equipment consists of USRPs connected with MIMO synchroniza¬ 
tion cables. The transmitter rate is 25 MHz, which gives 40 ns time resolution. With 
40 nanoseconds chip rate all the components arriving 40 ns apart at receiver can 
be easily identified by the measurement system. Symbol level synchronization is 
achieved by use of 10 training sequences. Each sequence consists of 1000 bits. Gold 
Sequences of 10° are used for correlation. 

Experiments are conducted in 800 MHz and Power Delay Profiles (PDP) are 
taken. Each PDP shows normalized correlation value over time. The LOS case is 
simple, however, OLOS scenarios are complicated where the line-of-sight has been 
blocked by inserting two metal plates of 8 mm thickness and then further blocking 
by two 15 mm thick cabinet covers. 


3.6.3 Experimental Results and Analysis 

A measurement system has been developed for wireless underground channel 
modeling and to characterize underground wireless channel. This system expands 
path loss modeling and bit error rate analysis experiments to measure underground 
channel multipath delays and channel attenuation. This section presents results of 
channel sounding experiments conducted in Cyber Physical Networking (CPN) 
laboratory for both Line-of-Sight (LOS) and Non-Line-of-Sight scenarios (OLOS). 
These experiments are conducted to verify the functionality of sliding correlator 
based channel sounding system developed in lab and to validate system’s ability 
to detect multipath in different environments. These experiments were done in 
underground testbed in SCAT (South Central Agricultural Laboratory). Theoretical 
foundation of these experiments along with results is explained in the following 
sections. 

All the power delay profile figures depict the normalized correlation power 
of first arriving signal at the receiver relative to the peak power of the first 
arriving signal. X-axis shows propagation delay. Delay components within 15dB 
are categorized as multipaths and over 15 dB can be categorized as noise. 

Eigures 3.38, 3.39, 3.40 show the power delay profile for LOS scenario. There is 
a one peak that is the strongest one and indicates the line of sight. Its propagation 
delay is approximately 300 ns. Low peaks, followed by the strongest one, are the 
weak multiple components and its difference from the strongest one is more than 
15 dB. 

These figures also show the one component at 300 ns and then multiple com¬ 
ponents within 15dB range and last till 500 ns with delay spread of total 200 ns. 
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Fig. 3.38 Power delay profile—line of sight 
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Fig. 3.39 Power delay profile—obstructed LOS—Case 1 


Since line-of-sight is obstructed, delayed components experience delay due to 
more distance covered. These delayed multipaths can contribute to intersymbol 
interference. 

The system’s ability to detect multipath with delay resolution of 40 ns has 
been validated. For indoor LOS scenario delay spread is less than 80 ns and for 
OLOS scenario delay spread range is 100 ns to 150 ns. This system can be used for 
taking underground channel measurements and these results along with path loss 
experiments and BER results are presented in subsequent chapters. 
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3.7 UG Prediction Model for Subsurface Attenuation 


Electromagnetic signals suffer attenuation with increase in distance [2] because of 
which the wireless communication has a limited range. It is very rare to achieve 
long ranges in WUC and if it is achieved in some cases, it is due to randomness of 
wireless channel. Wireless signals change their direction because of reflection and 
scattering phenomenon. The arrival time of these electromagnetic signals is different 
because of multipath effect. Therefore, a channel model considering the multipath 
effect in UG communication is required. To that end, Eq. (3.51) takes multipath 
effect and attenuation into consideration in wireless communication. In this section, 
the effect of distance and angle on path loss and multipath effect of the channel is 
investigated using empirical evaluations [59, 71, 72]. 


Prx {dx,e) = Ptx {dx,e) 


PL ((/o,e) - lOnlogio 


(3.51) 


where 


dx.e- 

is 

do,0- 

is 

Prx'- 

is 

Ptx'- 

is 

PLidti^e)'- 

is 

n: 

is 

Xy. 

is 


the T-R separation with angle 0 

the reference distance with angle 0 

the receiving power 

the transmission power 

the path loss at the reference distance 

the path loss exponent 

a normal random variable with zero mean and standard deviation o 


For a normal random variable, the path loss exponent and standard deviation are 
measured using the empirical data by the following method: 
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1. Packets are classified into multiple bins on the basis of communication links. For 
example, there can be a separate bin for East UG to counterclockwise AG node 
and similarly separate bins for other links. 

2. All items within the bins are classified on the basis of communication angles. 
Due to symmetric radiation pattern of aboveground (AG) antenna, packets with 
same angle but opposite direction, e.g., 30° and —30°, can be considered same 
and placed together. 

3. A reference distance with at least hundred entries is selected. 

4. Next step is to calculate the mean of the receiving power. This mean is calculated 
at reference distance Jo,6»- H is because averaging over hundred readings will 
cause the random variable to approach zero. Equation (3.51) can be re-written as 
Eq. (3.53). 

Prx {do,e) = Ptx {dx,e) - PL (do,o) - Wnlogio (3.52) 

Prx (dx,o) = Prx + 10«log (3.53) 

5. Only those entries are selected from the leftovers where distance > Jo,^- 

6. Calculate Prxidx,e) - Pdo,g and 

7. After plotting the values, path loss coefficient n is given by the slope of best fit 
line. Standard deviation is the root mean squared error of the normal random 
variable. The communication process between UG node at east and the UG node 
at opposite direction is shown using AG2UG communication link in Fig. 3.41. 

The path loss coefficients and the corresponding log normal variable standard 

deviation values are used to perform this procedure. 


3.8 UG Statistical Channel Model 

A Standard OTA modeling approach given in [19, 31,66, 74] is adopted, with a slight 
modification, to statistically model the UG wireless channel. Some assumptions for 
the analysis are given below: 

• multipath components (LW, RW, and DW) are not correlated practically, how¬ 
ever, individual component is affected by the strongest one. Therefore, within 
each component, a uniformly spaced tap-delay-lines are assumed. 

• The random phases of the components are assumed at the receiver. The phases 
follow the uniform distribution over [0, 27r]. 
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Fig. 3.41 Empirical evaluation of channel path loss [75] 



To reduce the model complexity, each component has constant arrival rate of 
delay and statistically independent amplitude. It is helpful in analyzing the UG 
channel along with the delay statistics. Different factors are involved in deciding 
which component will arrive first. These factors include T-R separation (distance) 
and burial depth. It is due to the fact that propagation speed is different in soil 
and air. Hence, order of arrival will vary based on the characteristics of these 
mediums. Direct component arrives earlier for T-R distances of up to 50 cm. For 
all other distances, lateral component is dominant because of its high speed in the 
air. Component overlapping does not occur because of the big difference between 
component’s speed, and gain of each components decays before the other one 
arrives. In the given measurements, no components were detected after the delay 
of 100 ns. 

Next, the amplitudes of individual component are derived. The delays of each 
component’s amplitude, i.e.. Lateral {an). Direct {adj), and Reflected {ark) are zn, 
Tdi, Tri, respectively. Figure 3.42 plots the mean amplitude of a profile with time 
decay at a distance of 50 cm. It is observed that the gain of each component exhibits 
an exponential decay, hence, amplitude of a component is modeled as exponentially 
decaying. For lateral waves, arrival time tl, decay rate yi, and amplitude ai are 
used for the calculation of amplitude and it is given as [66] : 

oiii = V / > r/ and i < xi -\- L. (3.54) 

Similarly, same parameters, i.e., decay rate ]//), arrival time r/), and amplitude 
O'/), are used for calculating the amplitude of direct component o'jy. It is expressed 
as: 
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Fig. 3.42 Decay of L,D, and R wave-components [62] 


Old] = V 7 > Trf and j <Xd + D. (3.55) 

Following the same method for the reflected component, ark is calculated as: 

ark = V k > Zr k < Td -\- R. (3.56) 

To calculate the gain of first multipaths (o'jo. Ck^/0. and aro) both model and 
measured values can be used. First multipath gain is given as: ajo, otiQ, and arQ. 
Each multipath is calculated as follows [12]: 


oid^ =Pt + 201ogio^5 - 201ogion - 8.69Q'^ri - 22 + lOlog^o Dri, 

Oiro =Pt + 201ogio - 201ogio r 2 - ^.69asr2 + 201ogio F - 22+ 
lOlogio Drl, 

O(io =Pt + 201ogio^5 - 401ogio<i - ^.69as(ht + hr) + 201ogio T - 22+ 
lOlogio DrU 

(3.57) 

where Pt is the transmitted power, F is the reflection coefficient, T is the transmis¬ 
sion coefficients [12], r 2 is the length of the reflection path, r\ = {hf — hr)^ + 
r 2 = y {hf + hr)^ + d^, where ht is the transmitter depth and hr the receiver 
burial depth, and represents the wavelength in soil [60] . 

The exponential decay seems reasonable because of the different time delays 
due to different travel paths. Moreover, path gains are affected by the soil, hence, 
multipath gains are also dependent upon the delays. Other important factors 
effecting the multipath gains {an, adj, ark) are soil moisture and soil type, e.g.. 
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Fig. 3.43 Impulse response 
of wireless underground 
channel [62] 



Time (ns) 


sandy soil has higher path gain as compared to the silty clay loam and silt loam 
soils. This is because of sand holds less water as compared to later soil types. 
However, this effect of soil type on multipath gains does not need to be remodeled in 
Eqs. (3.54)-(3.56) and is captured in main components «/o, ajo, t^rO- As multipath 
gains are dependent upon these components, the effect will be reflected in gains 
(Eqs. 3.54-3.56) as well. 

A threshold value for the gain is selected for estimating the number of multipaths 
L, D, and R in each component and after that, multipath generation is stopped for 
that particular component. The threshold value is usually within 30 dB from peak. 
As discussed earlier, the effect of soil texture will result in relatively large number of 
components for sandy soil than the silt loam and silty clay loam soils. This shows a 
very good matching with empirical results. Eurthermore, the number of components 
also represent the channel spread which I also inversely proportional to the soil 
moisture values, i.e., low soil moisture will result in large spread and vice versa. 
It is because of the decreased attenuation for low soil moisture values. Eigure 3.43 
shows the underground impulse response model and model parameters are given in 
Table 3.10. 

To summarize, delays within multipath components are used to calculate a/, 
otd, oir- These delays rely on the exponential decay of multipaths. However, for 
normalized path gains, the amplitudes become independent of their corresponding 
delays [66]. The normalized delays are calculated using average such that auldu, 
oidjIoQj, and arkldk- Eigure 3.44 shows normalized path gains, calculated from 
similar process, following a Weibull probability distribution. 


3.8.1 Model Parameters and Evaluation 


Table 3.10 lists all parameters required to evaluate the statistical model. Eirst, the 
component’s gains {an, adj, ark) and their corresponding delays (r//, Zdi, Zyi) 





































































Table 3.10 The impulse response model parameters [62] 
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Fig. 3.44 Amplitude gains resulted from the Weibull distribution [62] 


Algorithm 1 UG channel impulse response simulation 
1: Initialization : 

2: Input soil parameters 
3: Obtain the soil moisture level 

4: BEGIN 

5: Generate decay exponents for the lateral, direct, and reflected components 
6: Determine the arrival time 

7: Calculate the first multipath gain of each of the three components 
8: Generate multipaths and impulse response 
9: END 


are calculated numerically. After that, measured data is compared with the other 
impulse response parameters. Algorithm 1 is used to generate the UG channel 
impulse response. 

The different soil parameters, e.g., soil texture and moisture, act as an input to the 
algorithm. Equations (3.29) to (3.31) are used to calculate the arrival time of direct 
component (rj), lateral component (r/), and reflected component (r^). Peak power 
gains for the components rjo, "TrO, are calculated considering soil type. These 
gains are estimated from [61] 

Table 3.9 shows the comparison between statistical parameters from measured 
and numerically computed channel model. The error rate of RMS delay spread 
is 14.67 % and for coherence bandwidth is 14.08 %. This difference in theoretical 
and experimental values is because of erroneous observation or model uncertainty, 
nonetheless, the overall error rate stays below 15 %. Therefore, it can be said that 
statistical model results agree with the empirical results. 











3.8 UG Statistical Channel Model 


117 


Table 3.9 Comparison of 
parameters for impulse 
response model [62] 


Impulse response parameter 

Measured 

Modeled 

RMS delay spread {Trms) 

45.52 ns 

38.84 ns 

Coherence bandwidth 

439 kHz 

514 kHz 



Time (ns) 


Fig. 3.45 Comparative analysis of results for impulse response from model and empirical 
evaluation experiments in silt loam [62] 


3.8.2 Empirical Validation 

A desirable property of a good statistical model is that it should simulate the 
empirical measurements with high accuracy, and that too with a very little difference 
between the characteristics of the measured results. This section validates the mul¬ 
tipath component arrival. To that end, results from the indoor testbed experiments 
are used for validation [61]. 

Equations (3.29), (3.30), and (3.31) are used to estimate the refractive indices 
of each component. The refractive index differs for each soil type as given in [61] 
along with the results. Reference [61] gives the value of 5.6 x 10^ ms“^ which is 
approximately one-fifth of speed of light. 

The comparative graph measures empirical PDF values in silt loam soil as shown 
in Fig. 3.45. The depth is 40 cm and T-R separation is kept at 50 cm. It was observed 
that, for a fixed T-R separation of 50 cm and varying depths, lateral component is 
arriving (at receiver) before direct component at 10 cm depth only. For all other 
depths, measured and model values are similar. 

It is also observed from Fig. 3.45 that lateral component is the strongest of all 
other components. The reason is that the direct and reflected components propagate 
radially outward because of their spherical nature. On the contrary, lateral waves 
exhibit two different paths: vertical path in upward direction (source to boundary) 
and horizontal path as cylindrical wave. Smart lighting is the feasible application for 
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the proposed model. However, it is important to improve this model for customized 
smart lighting in lOUT environments with specific sensing and communication 
systems deployed in the lOUT. 
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4.1 Introduction 

Wireless underground communications are implemented with heterogeneous set 
of communication devices [74], i.e., various UG sensor nodes for sensing and 
different AG nodes for supporting and maintaining infrastructure [41, 49]. In 
WUC communication range depends on the locations of nodes with respect to the 
ground surface. Hence, deployment depth should also be considered for deployment 
analysis in WUSNs [46, 47]. In the following section, we present an in-depth 
analysis of the underground modulation schemes, deployment, and connectivity. 


4.2 Multi-Carrier Modulation: Sub-carriers in UG Channel 

High data rate is one of the important requirement of lOUT. Data rate is highly 
dependent on lOUT communication channel; however, lOUT channel charac¬ 
teristics are not modeled. Therefore, extensive experimentation is required to 
characterize lOUT wireless channel. Soil properties (moisture and type) and antenna 
properties (burial depth and distance) impact capacity of communication channel. 
Therefore, there is a need to develop a theoretical model to estimate the channel 
capacity of lOUT channel considering all these factors [56, 64] (Fig. 4.1). 


4.2.1 Capacity Model 

The channel capacity depends upon the bandwidth and change in transfer function 
with the change in bandwidth [62]. Therefore, two properties of UG channel are 
considered for channel capacity model: (1) bandwidth of the sender and receiver 
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Fig. 4.1 Organization of the chapter 


antenna, and (2) channel transfer function. Bandwidth is determined from return 
loss of an antenna. Return loss occurs due to impedance mismatch which can be 
calculated as: 


RLdB = 201ogio 




(4.1) 


where represents the transmission line and represents impedance of antenna. 

Figure 4.2a plots return loss of antenna at zero (0) soil matric potential. 
Bandwidth is calculated using a threshold value 8 for antenna return loss. Generally, 
a value of — lOdB is used for 8 in existing literature 14, 35]. It is assumed that 
the receiver and sender will have same return loss. The reason for this assumption 
is that short distance and spatial homogeneity of soil reduce the probability of 
difference in resonant frequency and return loss of antennas at sender and receiver. 
Bandwidth of an antenna is maximum at its resonant frequency, therefore, second 
assumption is that the system is operating at resonant frequency to maximize 
the bandwidth 114, 38]. Bandwidth of an underground system with the antenna 
operating at resonant frequency is given as: 
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Frequency (MHz) Frequency (MHz) 


(a) (b) 



Frequency (MHz) 

(c) 


Fig. 4.2 (a) Antenna return loss at 0 CB [56], (b) channel transfer function [56], (c) approximating 
channel transfer function at the distance and depth of 50 and 20 cm, respectively [56] 


Bs 


0 if - R(f ) > 3, 

if - f?(/) < 3 and / </„ 
2 (/m-/) if - f?(/) < 3 and / > /„ 


(4.2) 


where fy is the resonant frequency, fm is lowest, and /m is the highest frequency at 
which R{f ) < &. 

The total number of sub-carriers are calculated in a multi-carrier modulation. 
Here, a total number of sub-carriers are defined as the least number required to 
prevent inter-symbol interference (ISI) due to on Bg (system bandwidth). The total 
number of sub-carriers are given as: 


Nc = 


A 

Bcb 


(4.3) 


where Bcb is the channel coherence bandwidth. 
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The spectral efficiency of m-ary quadrature amplitude modulation (MQAM) is 
high. Therefore, MAQM is considered as a modulation method for each sub-carrier 
[27, 47]. Total bit rate of the UG channel is calculated as: 

Nc 

^^8 ~ ^ ; (4.4) 

i = \ 

where Nc is the total number of sub-carriers in a multi-carrier transmission system, 
Bcb is the bandwidth of an individual sub-carrier, and r/ is the bits per symbol for 
each carrier. 

At high signal-to-noise ratio (SNR), the symbol-error probability, Psc, for each 
of the i-th carrier is calculated as: 


Psci — Kfi Q 


3En 


(Mi - 1) Ao ^ 


(4.5) 


The value of a constant Kri is dependent upon the total bits per symbol. Its value 
lies in the range of 2 < Kri < 4. 

Nc 

Y,yi-P = P^ Yi > 0. (4.6) 

i=l 

Power allocation among sub-carriers can be optimized based on target probability 
of symbol error for each sub-carrier, > Psa , V/, and a constant power constraint 
P. It also maximizes the bit rater of UG channel. Rug. 

Figure 4.2b plots the empirical channel transfer function for sandy soil at a dis¬ 
tance of 50 cm and 1 m. For the individual lower bandwidths, Bcb, staircase function 

gives close approximation of channel transfer function | H(f) |^. Therefore, the 

2 

transfer function is approximated using a staircase function, | H(f) \ . Figure 4.2c 
shows the staircase approximation of channel transfer function in sandy soil at 
20 cm depth and 50 cm T-R distance. The total bit rate of UG channel is given as 
summation of all sub-carriers [22] : 

I H,(/) p I 

b-itir r 

where Nc is from Eq. 4.3, P is transmit power constraint, and y’s are given such 
that: 

Rug is maximized by optimized power distribution among sub-carriers. This 
optimization problem [31, 39, 58, 82] is solved similar to as water filling problem of 
[8, 10, 55] was solved. Lagrangian multiplier is used to obtain the optimized power 


^^8 ~ y ] Pcb ^^§,2 

i = l 
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allocation, ]/*, leading to water filling allocation as [10, 41]: 


0 otherwise. 


(4.8) 


where vt — /(No/[Q~^[.]]^). An updated maximum bit 

rate, is calculated by jointly solving equations 4.6 and 4.8 [22, 36]. is 
given as: 


Nc 

Kt = log 2 {a/^O I Hi if) |2| . (4.9) 

i = l 

This rate is a high-SNR optimal because it is for the cases having high-SNR. 
Another sub-optimal solutions for an equal power allocation to sub-carriers has 
capacity close to that of an optimal solution [9, 31, 34, 43]. Rug for equal power 
allocation is calculated as: 

Nc 

i = l 




1 + 


I HiU) 


(4.10) 


4.2.2 Results and Discussion 

4.2.2.1 Effect of Soil Texture 

Figure 4.3 plots the multi-carrier capacity of UG channel. Three different types 
of soil (silty loam, silty clay loam, and sandy) are used for the experiments at 
the distances of 50 cm (Fig. 4.3a) and Im (Fig. 4.3b). The effect of soil type was 
measured on capacity and system bandwidth. The system bandwidth was calculated 
as 20 MHz. Sandy soil had the highest capacity at both distances of 50 cm (30% 
higher) and 1 cm (39% higher). This is because attenuation of EM waves in soil is 
dependent upon the water holding capacity of a soil and sandy soil has lowest water 
holding capacity as compared to silty loam and silty clay loam. Therefore, soil with 
lower clay content (sandy soil) experiences minimum attenuation. Channel capacity 
decreases for each type with increase in distance. For sandy soil it went from 233 to 
180 Mbps, 195 to 137 Mbps for silty clay loam soil, and 178 to 129 Mbps for silty 
loam soil. This is because EM signals attenuates with the increase in distance [37]. 
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P/(N^W) (dB) P/(N^W) (dB) 

(a) (b) 


Fig. 4.3 Channel capacity for 200 MHz bandwidth and 20 cm depth, at distance of [56] : (a) 50 cm, 
total number of sub-carriers are 25 (sandy), 25 (silty clay loam), and 24 (silt loam), (b) 1 cm, total 
number of sub-carriers are 27 (sandy), 21 (silty clay loam), and 25 (silt loam) 


4.2.2.2 Effect of Soil Moisture 

Figure 4.4 plots the effect of soil moisture on various parameters of multi-carrier 
capacity of UG channel. Figure 4.4a shows antenna bandwidth against soil moisture 
in a silt loam soil. Antenna bandwidth increases up to 80% (i.e., from 20 to 36 MHz) 
with the decrease in soil moisture. Figure 4.4b shows the coherence bandwidth 
and number of sub-carriers plotted against soil moisture in a silt loam soil. The 
coherence bandwidth decreases up to 69% (i.e., from 55 to 17 kHz) and number of 
sub-carriers increased by 175% (i.e., from 20 to 55) as the soil moisture decreases. 
The impact on sub-carrier can be minimized by adjusting sub-carrier bandwidth 
[32]. 

Figure 4.4c and d shows the maximum bit rate from Eq. 4.9, with soil mois¬ 
ture in silt loam and sandy soil, respectively. For both soils, with increasing 
value of (P/NqW), the bit rate increases with decrease in soil moisture, e.g., for 
(P/NoW) = 18dB, rate increases from 39 to 194 Mbps, and for (P/NoW) = 25dB 
it goes from 127 to 362 Mbps. Similarly for sandy soil, data rate is increased 
from 126 to 213 Mbps. EM waves are absorbed by soil water content causing 
more attenuation. Change in soil moisture changes soil permittivity resulting in 
fluctuating wavelength which further attenuates the signal. Therefore, decrease in 
soil moisture lowers signal attenuation, increasing data rate [40] . 


4.2.2.3 Effect of Distance 

Experiments were conducted in an outdoor testbed to study the effect of distance 
on the channel capacity. Silty clay loam soil and burial depth of 20 cm are used for 
experiment. Figure 4.5b shows the number of sub-carriers against distance. It shows 
that for 20 MHz antenna bandwidth, the coherence bandwidth decreases from 678 
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Fig. 4.4 Soil moisture impact in silt loam soil [56]: (a) system bandwidth, (b) number of sub¬ 
carriers, (c) data rate, (d) channel capacity depth and distance of 20 cm and 50 cm, respectively, in 
sandy soil 



Fig. 4.5 Effect of distance on [56]: (a) underground channel capacity, (b) number of sub-carriers 
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to 411 kHz with decrease in distance. This is because RMS varies with change in 
distance. Figure 4.5b plots T-R distance with channel capacity [49, 52]. It can be 
seen that a bit rate of 80 Mbps can be achieved at distance up to 12 m. Underground 
communication is carried out by three component waves: direct, reflected, and 
lateral. As the distance is increased, direct and reflected component fades and the 
only significant component of the received signal is lateral wave. As the distance is 
increased further, lateral waves also attenuate, hence, decreasing the data rate. 


4.3 Digital Modulation: Wireless UG Receiver Design Based 
on Diversity 

The delay spread of underground channel has adverse effect on the performance of 
the channel. It results in frequency selective fading [36, 63]. Frequency selective 
fading limits the data rate of the channel and induces an irreducible bit error rates 
(BER). Therefore, impact of delay spread and resulting frequency selective fading 
on UG channel is an important issue to investigate [34, 57, 63, 66]. An ideal UG 
channel must dynamically adapt to soil parameters while achieving high data rate 
and low BER. To that end channel capacity has already been investigate in [14, 
41, 43]; however, impact of digital modulation techniques on UG channels is still 
not investigated. Therefore, this section explains these effects using the impulse 
response of UG channel. 


4.3.1 Diversity Model 

This section develops a model which uses channel impulse response to analyze 
the impact of RMS delay on conventional modulation techniques, i.e., pulse- 
amplitude modulation (PAM), differential phase shift keying (DPSK), quadrature 
phase shift keying (QPSK), Gaussian minimum-shift keying (GMSK), and m-ary 
quadrature amplitude modulation (MQAM). The aim is to optimize the lOUT design 
parameters, i.e., modulation techniques and BER. 

The EM-based communication in lOUT consists of three components (see 
Eig. 4.6: direct, reflected, and lateral, out of which lateral wave is the strongest. 


Receiver 
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Sender 
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Fig. 4.6 Different communication links of WUSNs [72] 

















4.3 Digital Modulation: Wireless UG Receiver Design Based on Diversity 


133 


The impulse response of UG channel is expressed as sum of all these components 
[49, 63]: 


L-l D-l R-l 

hugit) = '^0iiS(t - T/) + '^adS(t - Td) + '^arSit - r^), (4.11) 

1=0 d=0 r=0 


where L, D, and R are number of multiple paths; «/, ufj, and ar are complex gains; 
and T/, Td, Tr are delays for lateral, direct, and reflected wave component. These 
measurements were taken in indoor and outdoor testbeds. The experiment setup 
details are given in [45, 48, 63]. 

The output waveform of the received signal is given by the convolution of the 
baseband input to UG channel, u{t) and channel impulse response, hug as follows: 

z(t) = u(t) * hug, (4.12) 

Using Eq. 4.11, the waveform can expressed as follows: 


L-l D-l R-l 

z{t) = ^ aiu{t - "T/) + ^ OtdU{t -Zd)+^ OirU{t - Tr). (4.13) 

/-O d-0 r=0 


The delay spread of the UG channel, rj is normalized using sample period T and 
RMS delay spread Tyms as follows: 


Zrms 



(4.14) 


Bandwidth is calculated as 5 = l/T. The input signal, u(t) is convolved 
with signaling waveform u(t) for all modulation schemes. For signaling, raised 
cosine pulses and rectangular waveform were used. The advantage of raised cosine 
waveform is that raised cosine filter reduces the ISI and can be realized through 
raised cosine spectrum with ^ as a roll-off factor. BER performance is calculated at 
receiver [46, 50]. 

The impulse response hug has been calculated from PDFs measured using 
different soil parameters (moisture level, depths, and distances). 

UG 3W-Rake Receiver The purpose of designing UG 3W-Rake Receiver is to 
minimize the multipath fading in the system; however, it is done without considering 
spatial diversity. The approach is based on RAKE [30, 51] and resolves the fading 
of three components of waves, namely, direct, reflected, and lateral. It exploits 
the high diversity of all three components. UG 3W-RAKE has a branch for each 
component which correlates the corresponding component of the received signal, 
thus, separating all components. 

Signal-to-Noise ratio of an underground received signal is random. This is 
because of multipath fading happening in underground. Therefore, error probability 
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of Additive White Gaussian Noise (AWGN) is averaged over the probability density 
function (pdf) of the SNR^^. Average BER probability, Pbiyb) 

nOQ 

Pbiy) — I Pe\y}jPi.yb)dyj^, (4.15) 

Jo 

where y^ is average SNR/bit, p(yb) is pdf of SNR, and Pe\y^ is conditional AWGN 
error probability. There is no close form solution available for the pdf of yb, 
therefore, p(yb) is measured from UG channel response experiments [63]. It is 
done, for each measured response, by averaging P^jy^ over instantaneous SNR. As 
UG 3W-Rake is for the processing of multipaths in all three components of wave, 
the SNR per received bit yb is calculated as: 


L-l D-l R-l 

Vb = ri + Vd + Vr, 

1=0 d=0 r=0 


Equation 4.16 can be rewritten as: 



FL-l D-l R-l 


+ ^\ Yd?-+y2i\Yr 

_l=0 d=0 r=0 


(4.16) 


(4.17) 


where ^ is the ratio of energy per bit to noise power spectral density (PSD) and 
calculated as: 


^ ^ PtT 
No NoPL^ 


(4.18) 


where Pt is the power transmitted. No is the noise density, T is the sample period, 
and PL is path loss. 

This process is used to approximate a discrete p{y). After the calculation of 
p{y), average bit rate probability, P^(}/), is calculated using Eq. 4.15. 

LDR Receiver Design This section discusses the development procedure of a 
novel LDR reception technique considering different parameters of UG commu¬ 
nication such as delay spreads, angular angle, and travel path. It shows significant 
increase in performance as compared to existing techniques. The key characteristics 
of the technique are elimination of multipath fading and elimination of inter-symbol- 
interference between three components (lateral, direct, and reflected) of waves. 

LDR Antenna Orientation Both, transmitter and receiver, are buried in consid¬ 
ered lOUT system. Transmitter is equipped with single antenna and receiver is 
equipped with three antennas, one for each wave component [42]. Eor diversity 
reception of the UG channel, LDR antenna orientation is shown in Eig. 4.7. To 
receive direct wave (D-wave), corresponding receiving antenna is aligned at 90° 
from x-axis. To receive reflected wave (R-wave), corresponding receiving antenna 
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Fig. 4.7 The underground antenna positions [60] 


is aligned at the connecting line of x-axis and z-axis with center at 45° from x-axis. 
To receive Lateral wave (L-wave), corresponding receiving antenna is aligned at 0° 
from x-axis. Same depth is assumed for transmitter and receiver antenna along the 
x-axis to avoid variations in axis of the receiver [44]. 

LDR System Model For the antenna orientation in Fig. 4.7, received signal is 
calculated as: 


z = hugU -h n, 


(4.19) 


where z is a 3 x 1 vector for received output, u is the transmitter’s data symbol, hug 
is the vector for channel impulse response for wave components (L-, D-, R-wave 
channel response), and n is the 3x1 vector for noise. Channel response of each 
wave component can be separated as /ijfor direct, hrfov reflected, and /z/for lateral. 
Instantaneous SNR for each receiving antenna is deflned as: 


Yi = 


Eb I hi p 

No 


(4.20) 


where i = L, D, andR components. 

Optimum Maximum Ratio Combining (MRC-LDR) SNR can be determined by 
using maximum ratio combining (MRC) [30, 47, 52]. This SNR is increased three 
times from the SNR of a single antenna matched Alter UG receiver: 




Wi 


Eb I hi p 

No 


(4.21) 


where wi is the combining weight. Although, MRC-LDR achieves the maximum 
gain, however, interference due to reflected component is still present. The suppres¬ 
sion of this interference is discussed in the next section. 
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Fig. 4.8 (a) QPSK eye patterns, (b) QPSK constellation diagram, and (c) experiment setup for 
estimating BER [60] 
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Adaptive Combining (AC-LDR) Among the three components of the signal wave, 
one of either D-wave or L-wave is dominant at receiver end [64] . This dominance 
rely on the proximity of LDR receiver. AC-LDR uses this fact to, dynamically, 
switch and adapt strongest of the two components (L and D). R-component is not 
considered because of being the weakest among all and may cause the performance 
to degrade as: 


y = 


if I /^L P > I ho \\ 

, otherwise. 


(4.22) 


AC-LDR differs from MRC-LDR in that it removes interference while achieving 
channel gain. For both LDR approaches, the average BER, PbiVb)^ is calculated as 
[30, 64]: 



Pe\ytP(.yb) 


(4.23) 


4.3.2 Performance Analysis 

Power delay profile of multipath UG channel is dependent upon the depth and 
moisture of the soil, and depths and distance of the UG antennas (transmitting and 
receiving). The UG channel is simulated by with the range of 0.4-0.002 for rj. 

1. Coherent Detection: This section analyzes the performance of modulation 
techniques, namely, QAM, PSK, PAM, and MSK. The parameters used for the 
experiments are soil type is silty clay loam, soil moisture is OCB and Xyms is 
25 ns, distance between transmitter and receiver antenna is 50 cm, and burial 
depth of antenna is 20 cm. Very high error rates (<10“^) were observed for 
all modulation techniques. This is because of the effect of multipath fading 
in UG channel. The coherent modulation technique requires the knowledge of 
exact state of UG channel; however, higher delay spread makes it difficult to 
track reference symbol for the channel. Moreover, it was observed that error 
rate is independent of the sample time because it does not change for the Xd 
range of 0.002-0.4. Figure 4.8a and b shows the plot of constellation and eye 
diagram, respectively, for QPSK modulation. It can be seen from Fig. 4.8a, 
that inter-symbol interference and large delay spread between wave components 
cause severe detonation and complete eye closure which consequently result 
in high error rate. Hence, digital modulation in UG channel is highly affected 
by multipath fading and does not improve by increasing the power rate. The 
empirical validation of results is shown in coming sections [32, 55]. 

2. Experimental Evaluation: Experimental setup for BER performance analysis 
under UG channel is shown in Fig. 4.8c. It consist of a: GNU Radio [38], Ettus 
N210 USRPs [61], burial depth is 20cm, distance is 50cm and soil is silty clay 
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loam soil, moisture level is 50Cb, Xrms = 25.67ns [49, 63], transmit power 
is 10 dBm, range for operational frequency is 100-300 MHz and normalized 
delay spread, rj ranges from 0.005-0.43. The Amplitude shift keying (ASK) 
modulation technique is used for the experiment. 

Experiments were conducted on software-defined radio (SDR). The results 
show very high bit rate further proving the vulnerability of UG channel to 
multipath fading and delay spread. In over-the-air (OTA), this can be minimized 
by using adaptive equalization. 

3. Differential Detection: Differential quadrature phase shift keying (DQPSK) 
and differential binary phase shift keying (DBPSK) were used with Zrms = 25 ns 
to analyze the performance of UG channel. Figure 4.9a compares the BER 
performance of DQPSK and DBPSK. It can be seen that with rj values less 
than 0.1, error rate reduces by 10“^ which is significant improvement over the 
error rate of 10“^ for coherent modulation schemes. The error rate increases with 
increase in value of Xd ; however, differential schemes are relatively performing 
better [37, 65]. 

4. 3W-Rake Performance in UG Channel: This section analyzes the performance 
of 3W-Rake receiver. In order to achieve the target BER thresholds, SNR values 
are analyzed under different modulation schemes. Different combination of soil 
types, soil moisture levels, burial depth, and distances between transmitter and 
receiver were considered for the experiments. Figure 4.9b plots the BER along 
with changing depth in silt loam soil at distance of 50 cm and 1 m. It can be seen 
that BER increases with the increase in burial depth; however, the increase is 
relatively greater when the distance between the antennas is greater. Figure 4.9c 
plots the BER along with distances less than 1 m in silty clay loam soil. It can be 
observed that BER increases with the increase in distances because propagation 
loss of all three components increases with the distance which causes attenuation 
leading to increase in BER. Similarly, Fig. 4.9d plots the BER along with soil 
moisture range from 0-50 CB at the distances of 50 cm and Im in silt loam soil. 
The BER trend is similar for both distances values. It first decreases for initial 
values of soil moisture and start increasing afterwards. This is because of water 
repellency due to soil texture slowing down the water infiltration at high soil 
moisture levels [33, 62, 65]. 

5. LDR Performance Analysis: Fig. 4.9e compares the performance of 3W-Rake 
with MRC-LDR and AC-LDR. It can be observed that both LDRs are performing 
better than 3W-Rake. There is significant improvement for SNR> 13dB. It is 
because LDR uses separate antenna for each wave component whereas 3W-Rake 
degrades due to bottleneck while correlating the components. 

6. LDR Implementation: AC-LDR uses zero-forcing (ZF) precoding for it imple¬ 
mentation. ZF precoding performs inversion of channel matrix for the removal 
of unwanted components. Optimum MRC combining can be implemented using 
extra digital signal processing (DSP) hardware and it can used as benchmark to 
analyze the theoretical performance of UG channel. However, LDR is considered 
more suitable to fulfill the high data rate and long-range of next generation lOUT 
systems [81]. 
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Fig. 4.9 Bit error rate [60] : (a) using different modulation techniques, (b) with varying depths in 
silt loam soil, (c) with varying distance in silty clay loam soil, (d) with varying soil moisture at two 
distance in silt loam soil, (e) comparison BER for AC-LDR, 3W-Rake, and MRC-LDR 
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4.4 Soil Moisture-Based Modulation 

In UG communications soil moisture information can be used to design a unique soil 
moisture-based modulation scheme. The core idea is based on selecting a channel 
state using the propagation environment in the vicinity of transmit antenna(s), which 
in turn will change with soil moisture changes. This can be viewed as creating a 
multitude of channel states, each corresponding to a different transmission path, 
where the transmitter can select any of the channel states in each transmission. 

In UG communication, these states are inherently available due to soil moisture 
changes. This approach enables transmitter to use the information to be transmitted 
as an index to select a particular channel state. Soil moisture modulation uses 
channel state variations to embed information in transmission media. It is different 
from conventional wireless communications where data is embedded into a radio 
frequency prior to transmission. 

Media based modulation (MBM) is a similar technique used in conventional 
wireless systems. It randomizes a wireless channel by perturbing the propagation 
environment in the vicinity of transmit antennas resulting in change of overall 
transmission path [23, 70]. In contrast to MBM, different channel states are 
inherently available in UG communication due to the dependence of channel on 
soil moisture. 

Soil moisture-based modulation will have M channel states created due to soil 
moisture variations. A total of log 2 (M) bits can be transmitted by selecting any one 
of these states for transmission. In other words, the UG channel state depends on 
soil moisture. By selecting the most suitable channel state based on soil moisture, 
the transmitter not only maximizes the probability of communication success but 
also transmits the soil moisture information without incurring any additional cost. 
Consequently, the soil moisture-based modulation scheme allows resource-free 
transmission of soil moisture data. Each channel state and gain will be different 
based on the soil moisture variations, therefore, each state will have its own channel 
gain which is likely to follow a complex Gaussian distribution. 

The strategy investigates practical methods to independently identify the trans¬ 
mission path for each soil moisture state. To convey a particular selection to the 
receiver, transmitter will then send a signal through the selected channel state. 


4.5 Spatial Modulation: Subsurface MIMO 

Underground communication is challenging because of impact of soil texture and 
water content. Range and energy of UG communication can be improved by 
using phased-array antenna in UG radio wave propagation [33, 67]. The antenna 
array is used to direct the wave power via Zenneck waves. This section explains 
the design of UG phased-array of antennas for digital agriculture and develops 
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Fig. 4.10 UG MIMO communication [37]: (a) receive beamforming, (b) transmit beamforming 


the underground (UG) multiple-input multiple-output(MIMO) using transmit and 
receive beamforming in lOUT communication systems. 

Underground nodes communicate with other UG nodes via UG2UG link and 
with aboveground (AG) nodes via UG2AG link. Figure 4.10 shows the overview 
of UG MIMO communication system. An aboveground node can be a fixed or 
mobile sink. A mobile AG sink is attached to some moving infrastructure, e.g., 
tractors. Soil-air interface has an impact on wave propagation to receiver nodes. 
For example, it is refracted in AG communication and for UG communication 
lateral waves are used. Figure 4.10 shows the beam patterns for UG and AG 
communication. In Fig. 4.10b, the UG propagation is impacted by soil-air interface 
i.e., reflected and refracted EM waves. These EM waves effect the beam pattern 
which is being propagated towards AG node. 

The main purpose of transmit beamforming [59, 61] is to focus energy towards 
desired direction. The wave can reach receiver from any of three available paths 
[45, 63] in UG soil medium. When UG receiver is getting the data only from the 
desired path, UG MIMO channel acts as a three-path interference channel, i.e., 
direct, reflected, and lateral. Therefore, capacity of MIMO channel and freedom 
degree is required to be carefully modeled. 

There are three components of EM wave propagating in the soil, i.e., direct, 
lateral, and reflected. UG receiver is required to cancel interference from all these 
components. The UG MIMO focuses on arrival of the minimum interference signal 
at the receiver end. It does so by removing the undesired interference that may arise 
due to undesired components via receive beamforming. An underground MIMO 
technique is developed using the transmit and receive beamforming which is aware 
of the UG environment. Accordingly, experiments are performed to test UG MIMO 
techniques [62, 80]. 


4.5.1 UG MIMO System Models 

Some assumptions made for designing MIMO system are (1) transmitter and 
receiver have multiple transmit and receiving antennas, respectively, along with the 
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beamforming capabilities and, (2) transmitter antenna has ability to steer beam and 
receiving antenna can receive all three components of wave from soil. Receiver 
has ability to select and switch path using a selection method depending upon the 
strength of received path at the receiver. It is also assumed that power is equally 
allocated to all UG MIMO transmitters. Total power constraint is assumed to 
analyze the capacity of the system. Next, zero-forcing (ZF) UG MIMO transceiver 
technique is explained as below [44, 68, 81]. 

Contrary to over-the-air (OTA) MIMO methods, information about receiver 
channel state is not necessary for ZF UG MIMO transceiver technique. It improves 
the received signal strength by removing the interference between the components. 
TR is the channel between the transmitter and receiver represented as a complex 
number. The size of the channel is given as Nt x Nr, where Nt is the number of 
transmitter antenna and Nr is the number of receiving antenna. A total of k spatial 
underground components are differentiated using wi, ..., Wk. Each w is associated 
with a component. Interference between the component is denoted by Nt x Nr 
matrix 4. With equal power constraint, signal at the receiver is given as [7, 24]: 

yk = wlT RfkXk + wlhfiXi + wink, (4.24) 


where Xk is the transmitted signal of the UG component k, Uk is additive white 
Gaussian noise (AWGN) vector, and Wk and fk represent the transmit and receive 
beamforming vectors. 

Next, capacity maximization expression is evaluated for cases having low SNR 
values. From Eq. 4.24, SINR at receiver for kth component is given as: 


SINRk = 


Wkfkfk^TRTR^wl 

wi{ikh^fift)K ■ 


(4.25) 


The capacity of three UG components of EM waves is given as: 


3 

C = Y,^og2il +SINRk). 

k=\ 


(4.26) 


Main objective of the technique is to improve gain and reduce inter-component 
interference, therefore, only those beamforming vectors are considered which 
comes under the lower bound capacity. Next, the method to completely remove the 
inter-component interference will be presented. For every sensed wave component, 
instantaneous SNR can be calculated as: 


Yi = 


Eb I hi p 

No 


(4.27) 


where i = Lateral direct and reflected components; | hi \ is impulse response, and 
Eb is energy per bit. In contrast to single antenna match filter-based, SNR can be 
increased three times via maximum ratio combining (MRC) approach: 
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i=i 


Eb I hi p 

A^O 


(4.28) 


where Wi is the combining weight. Although SISO achieves the maximum gain, 
however, interference due to reflected component is still present. Therefore, transmit 
beamforming vectors are used to suppress unwanted interference. Hence, received 
signal is represented as [7, 53]: 


yk = wlT RfkXk + wlhfiXi + wink 

(4.29) 

wlTRfkXk wpkfiXi wink 

WTRfiW WTRfiW WTRfiW 

(4.30) 


It is important for MRC approach to satisfy the following equation via transmit 
beamforming vector for complete removal of interference from Eq. 4.30: 


wlhfi=0 


(4.31) 


UG MIMO adjusts the weights according to soil moisture; however, in addition 
to the environment-aware weight adjustment, it also uses the feedback mechanism. 
Feedback signals adjust the MIMO weights via array gain feedback loops. The array 
gain is maximized using the pilot signals. UG MIMO array at transmitter adjusts its 
parameter by receiving a pilot signal in receive mode. The transmitter channel state 
is determined by varying the scan angles while transmitter is operating in receive 
mode. Using the best statistics of SNR, parameters are adjusted with change in soil 
moisture. 

Far-fleld power density for the identical element is calculated as follows [19, 5 1] : 


^ I E(e,<t>) P 

120 :^ 


(4.32) 


where E{6,^) denotes the intensity of electric held for each individual array and is 
calculated as: 



(4.33) 


where Pet is the transmit power. Get is the transmit gain, and d is the distance. Array 
gain Ga is calculated by getting sum of E-fleld contributions {Ea) from all elements 
[19, 46]. Therefore, 


GaiO.cj)) 


d^ \Ea^{e,(P) p 
30 Pt 


(4.34) 


where ^ represents the element phase factor and 
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(4.35) 


n 


Effective isotropic radiated power (EIRE) can be calculated as: 


Prad — GfPt, 


(4.36) 


where Pf is the power transmitted and Gt is the array gain. The far-held power 
density Pav is calculated as [12, 42]: 



(4.37) 


where D is the power density of direct component, R is the power density of rehected 
component, and L is the power density of lateral component [63]. 

The received power is calculated by multiplying far-held power density Pav and 
antenna aperture (A.^/47r). The received power is expressed as [12, 50, 66]: 


pf = Pt-\- 201ogio^5 - 201ogiori - 8.69a5ri - 22 + lOlogio^Jw, 

Pf = Pt+ 201ogioA,i - 201ogior2 - 8.69a^r2 - 201ogior - 22 + lOlogjoZJr/, 
pf = Pt-\- 201ogio^i - 41ogio^( - ^.69asih, + hr) + 201ogio7’ - 22 


-h lOlogi^Drl, 


(4.38) 


where T is the rehection coefficient, T is the transmission coefficient [12], and 
Xs denotes wavelength in the soil. The received power of an isotropic antenna is 
calculated as [12]: 



(4.39) 


4.5.2 Performance Analysis 

This section analyzes and evaluates the performance of UG MIMO model. 

Transmit Beamforming: Transmit MMSE, MRT, and ZEBE beamforming tech¬ 
nique in [5] are used for the evaluation. Heuristic beamforming techniques, such 
as ZEBE, MRT, transmit MMSE/regularized ZEBE/SLNR-MAX beamforming, 
and the corresponding power allocation, is also based on the [5, 76]. UG impulse 
response has been investigated with details in [63, 65]. Therefore, instead of 
generating a random OTA channel, UG impulse response presented in [63] is 
used for UG MIMO application. Eigure 4.11b shows a three-component model 
of the UG channel. SNR values are considered in range of —10 to 30 dB. Eor 
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Fig. 4.11 (a) Three-wave components in underground channel [63], (b) UG channel model 
realization with direct, lateral, and reflected components, (c) spatial spectrum of the direct, lateral, 
and reflected components [37] 


each approach, channel matrices are generated as a first step of simulation. From 
these channel matrices, normalized beamforming matrices are calculated for each 
technique. UG MIMO is evaluated for all three components of UG channel and 
the sum rate is computed for all beamforming approaches. 

Figure 4.12 plots average sum rate with change in average SNR. Figure 4.12a, b 
and c shows average sum rate for one (direct), two (direct and reflected), and three 
(direct, lateral, and reflected) wave components, respectively. For single, there is 
no effect of beamforming and all three approaches have same average sum rate 
of 1.5 to 1.7. In case of two components, the sum rate increased from 1.6 to 
3.1 at average SNR of lOdB. All three approaches have minor difference of 0.1 
in average sum rate at SNR of OdB. The difference between ZFBF and MMSE 
increases with the increase in SNR, thus, MIMO UG shows better performance 
than ZFBF and have improved power gains which is further shown in Fig. 4.12c. 
In case of two components, the sum rate increased from 3.1 to 6.6 at average SNR 
of 10 dB which increased to 8.4 at average SNR of 30 dB. This high performance 
gain shows that UG MIMO performs to its maximum when all three components 
are used for transmit beamforming in underground environment. 

Receive Beamforming: To evaluate receive beamforming, a 16-element uniform 
linear array with an inter-element distance of half wavelength and 300 MHz of 
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(c) 


Fig. 4.12 Average sum rate v/s average SNR in UG MIMO [37]: (a) single-wave component path, 
(b) two-wave component paths, (c) three-wave component paths 


operational frequency is used. Path loss of UG communication increases with 
the frequency, therefore, lower range of frequency spectrum is used to achieve 
long-range communication. The three components of UG communication are 
shown in Fig. 4.11a. The signal received at 10°-15° azimuth is the most powerful 
signal. The direct wave is received from 90° azimuth, and reflected signal reaches 
the receiver at 45° azimuth. Figure 4.11c shows a spatial spectrum of receive 
beamforming for all components. The highest power gain is shown at 10° for 
lateral wave, second highest is at 90° for direct wave, and third highest is at 45° 
for reflected waves [64] . 

Impact of soil-air interface: The separation between soil and air medium is called 
soil-air interface. Both mediums have different properties which cause waves 
refraction. This phenomenon is also termed as beam squint [21, 24]. Beam squint 
can cause an error of 5°-15°, depending on soil moisture and incidence angle at 
interface. The velocity of wave is also affected by refraction which is corrected 





























4.6 Cross-Layer Modulation: On the Use of Soil Properties 


147 



Volumetric Water Content - VWC (%) 

(a) 

Fig. 4.13 (a) Time delay r with change in s^ 
change in soil moisture [37] 



Volumetric Water Content - VWC (%) 

(b) 

moisture [37], (b) Phase shift adjustment with 


by angle adjustments and time delay (r). Figure 4.13a plots r with change in soil 
moisture. It can be seen that r increases with the increase in soil moisture and 
increasing depth further makes it worse. Figure 4.13b shows the same plot but 
with adjustments made in original phase. It can be observed that phase has to be 
adjusted as per increase in soil moisture level and depth [32]. For each approach, 
channel matrices are generated as a first step of simulation. From these channel 
matrices, normalized beamforming matrices are calculated for each technique. 
UG MIMO is evaluated for all three components of UG channel and the sum rate 
is computed for all beamforming approaches [56]. 


4.6 Cross-Layer Modulation: On the Use of Soil Properties 

UG channel model shows that communication in WUSNs is effected by various 
environmental parameters such as seasonal change, soil type, tunnel size, soil 
moisture variations, and antenna position/polarization. Therefore, it is important 
to design environment-adaptive protocols for WUSNs. Moreover, physical layer 
is quite unpredictable and directly effect the quality of communication, therefore, 
for better performance, environment-adaptive cross-layer protocols are required. 
To that end, a packet size optimization framework is presented for WUSNs [78]. 
The model will use the empirical results towards improving underground channel 
model by complete characterization of the UG channel. It will also identify the 
networking related challenges in the underground environment, e.g., effects of soil 
on routing and medium access control. A simulation module for an underground 
communication will be given. This simulator will consist of rich and accurate 
models for underground communication. The purpose is to provide motivation for 
developing more accurate models for the UG communication. 
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Fig. 4.14 Maximum inter-node distance with variation in volumetric water content (VWC) 


4.6.1 Cross-Layer Protocol Design 

As discussed earlier, WUSN communication is effected by dynamic environment 
parameters. Therefore, a cross-layer design should be able to adapt to those dynam¬ 
ically changing operating parameters to achieve efficient system performance. 

Figure 4.14 shows that WUSN communication range is inversely proportional 
to the soil moisture. The achievable distance decreases with the increase in soil 
moisture content. Although, the model gives a thorough idea of UG communication, 
however, its effects on high-layer networking protocol are yet to be investigated. 

There is a need of detailed empirical validation for the underground wireless 
channel. To that end, field experiments and software simulations are performed in a 
testbed setting. The testbed has 50 tested wireless sensor nodes. This testbed is used 
to develop a generic framework by evaluating following research issues: 


4.6.1.1 Empirical Evaluations 

In [35], authors have proposed an EM-based propagation model considering soil 
dielectric properties [29]. The model is empirically tested for signal strength 
of transmitting and receiving antenna, and packet loss rate in different testbeds 
(experiment sites). Results from these experiments are used to propose a more 
general channel model. 
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4.6.1.2 Medium Access Performance 

Wireless communication medium is shared by multiple nodes. In shared medium, 
a node can experience interference from neighboring nodes sharing the medium. 
Therefore, it is important to understand the difference between the communication 
and interference by a node. For example, even if a node x is not able to communicate 
with some other node y, its communication with other nodes may still effect the y 
communication as an interference. To that end, [39,76] investigates the performance 
of multiple communicating sensors in presence of a controlled background traffic. 


4.6.1.3 Effects of Seasonal Changes 

Weather changes directly effect the soil moisture and temperature, hence, causing 
the communication performance to change. To that end, seasonal effects are 
evaluated for a period of 12-months to study the effect of humidity, temperature, 
and precipitation on communication performance [35]. 


4.6.1.4 Development of a Cross-Layer Communication Software Module 

Empirical results will be used to develop, modify, and improve the communication 
model to use the sensor information efficiently. The communication parameters 
such as signal strength, modulation scheme, route information, and packet size are 
determined using the real-time information from the sensor [38, 53]. 


4.6.2 Future Research Directions 

WUSN paradigm can also be used for communication between underground and 
aboveground (AG) nodes, e.g., sinks, relay nodes, or control units. The underground 
sensor node can send their data to some central location using AG nodes. Hence, 
WUSN provides the combination of UG and AG communication. To that end, 
communication characteristics of UG to AG communication can be further explored 
for research purposes, e.g., difference in attenuation level of a signal in soil (UG) 
and air (AG). Investigation of this area can result in better understanding and further 
improvement of UG channel communication. 
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4.7 Medium Access in Wireless Underground 
Communications 

Medium Access Control (MAC) is one of the important feature of wireless net¬ 
works. Wireless Underground Sensor Networks (WUSN) architecture is distributed 
where each sensor attempts to communicate in a shared wireless channel [13]. 
Therefore, to implement an optimized and efficient WUSN, it is very important 
to improve the sharing mechanism by improving MAC protocols for WUSNs 
[11, 62]. These MAC protocols are analyzed by performing the underground-to- 
underground (UG2UG) communication experiments and simulations. The analysis 
shows that the behavior of communication parameters, e.g., interference and carrier 
ranges, is completely different for underground then what it is in over-the-air 
(OTA). This significant difference results in increased contentions leading to large 
amount of packet collisions. A model is developed to capture the effect of soil 
on the performance of medium access in an attempt to propose a novel MAC 
solution for underground sensor networks and eliminate possible shortcomings. The 
MAC protocols for (WUSNs) are described [13, 61, 65]. This section discusses the 
performance of different traditional MAC protocols for underground environment, 
and studies the feasibility of these MAC protocols for underground space and 
identifies shortcomings due to complex communication medium [13]. 


4. 7 .1 Traditional Modulation Scheme 

Modulation schemes such as Amplitude Shift Keying (ASK), Frequency Shift 
Keying (FSK), and Phase Shift Keying (PSK) are studied in [79] for their effect on 
Bit Error Rate (BER) [2]. Figure 4.15a shows the plot between VWC and maximum 
inter-node distance (with BER target of 10“^) under various modulation schemes. 
It can be seen that PSK achieves the largest communication range, therefore, PSK 
is selected for the analysis [2]. 


4.7.2 Operation Frequency and Deployment Depth 

In Fig. 4.15b, path loss is plotted against the burial depth H at different operating 
frequencies [2]. Path loss can be reduced by finding an optimal frequency at 
optimum depth. This is an important fact in WUSN as the sensor deployment in 
WUSNs is highly dependent upon the operating frequency of sensors [2]. Moreover, 
Fig. 4.15b shows that path loss tends to become constant as the depth increases. 
Hence, underground channel tends to become single-path channel with the increase 
in depth and negligible reflection. Therefore, two-path channel should be considered 
for lower depths [2] . 


Path Loss (dB) Max Distance(m) 
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(a) 



(b) 


Fig. 4.15 (a) Maximum inter-node communication distance with variation in soil moisture [2], 
(b) Path loss with depth variations in two-path channel model [2] 
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4.8 Cost-Efficient Underground Deployment 

A cost-efficient deployment of sensor nodes is a challenge in WUSN paradigm and 
needs to be addressed. While deploying sensors in three-dimensional environments, 
it is imperative to consider range and connectivity constraints. Communication 
range also depends upon the depth of sensor nodes, hence, deployment depth 
should also be considered while analyzing the deployments strategies in WUSNs. 
Therefore, UG deployment 12, 25, 71, 78] becomes an optimization problem 
using minimum number of sensor nodes within mentioned constraints. To achieve 
optimal performance, it needs novel optimization programming methods from 
networking paradigm. It is also important to consider the randomness of soil and 
weather conditions while deploying network of UG nodes. Deploying deterministic 
optimization technique to such random behaving network is a challenging task. 
Moreover, performance of base stations also suffers from the effect of soil-air 
interface, hence, a separate optimization model for base stations and an optimal 
routing protocol is also required for longer lifetime of the network. As sensor nodes 
are buried in underground at different depths, changing the battery of such sensors 
is also a challenging issue and needs to be addressed efficiently for longer life of 
network so that a certain level of performance can be guaranteed. Following research 
issues are discussed under UG deployments: 

• Deployment of sensors —The network connectivity depends upon the connec¬ 
tivity of UG nodes between UG nodes and the sink nodes. The deployment 
of over-the-air wireless nodes has extensively been studied; however, UG 
development is yet to be explored. UG deployments is a NP-hard problem, 
therefore, heuristics are used to determine the optimal deployment strategies. 
Soil properties and effect of environmental changes are additional factors to 
consider while deploying UG nodes. This is analyzed through sensitivity analysis 
for development of more robust deployment strategies 142, 51]. 

• Deployment of the base stations — In UG networks, base stations are located 
aboveground, therefore, attenuation of signal attenuation between two AG nodes 
is different from that of between AG and a UG node due to different commu¬ 
nication medium. To that end, an optimization model is given for determining 
the optimal number of base stations to deploy along with their optimal location. 
For multiple base station, deployment is modeled considering that they will 
communicate with each other 136, 44]. 

• Routing policy —Finally, after network deployment, an optimal routing protocol 
is determined. Randomness and uncertainty associated with the sensor lifetimes 
require a simulation modeling to determine how long a network can last using 
a certain routing protocol. As all these parameters will be evaluated using a 
simulation, a sampling error may also occur in measurement. To that end, 
simulation optimization technique in 143, 66] will be used. 
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Fig. 4.16 RSS v/s transmitted power under various soil moisture levels [71] 

4.8.1 Simulation Results 

To understand the effect of soil properties on wireless communication and under¬ 
ground communication experiment is performed [71]. For this experiment, two 
sensors are used which are buried at 40 cm. Experiment is performed using the 
separation distance, between both sensors, of 30 and 40 cm. Furthermore, to 
incorporate the effect of environment, two types of soils are used for the experiment: 
dry soil and wet soil. The soils are taken from the location where 2.5% of 
precipitation was registered [28] giving the soil moisture of 11% for dry soil and 
18% for wet soil. Figure 4.16 plots the received power with the transmitted power 
for the experiment. It can be seen the received signal strength is 20 dB lower for the 
wet soil as compared to dry soil. It results in twice the communication error rate 
significantly effecting the higher layer communication protocol. 

Figure 4.17 shows the communication scenarios for underground transmitter and 
an aboveground transmitter. The connectivity region of the UG transmitter consists 
of both UG and AG components; however, communication range is very short due to 
high attenuation because of underground environment. On contrary, communication 
range of AG transmitter is relatively large as compared to that of UG node. AG 
range also consists of some nulls at the angles where UG signals get refiected. AG 
communication range in WUSN is similar to that of traditional over-the-air (OTA) 
wireless nodes. Short range of UG transmitter is mainly due to the fact that signals 
are highly refiected when enters from a medium of a lower density, i.e., air, to a 
medium of a higher density, i.e., soil [45, 50]. 

Most of the studies about network connectivity employ percolation theory, which 
was started by the pioneering work of Gilbert. The basic idea about percolation is 
that there is a critical density, such that when the node density is greater than 
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Fig. 4.17 The communication scenarios for underground transmitter and an aboveground trans¬ 
mitter [72] 


there is a positive percolation probability that an arbitrary node belongs to a cluster 
of infinite size (supercritical phase); on the other hand, when the node density is 
smaller than the percolation probability is zero (sub-critical phase) [56, 64]. 

Most of the literature, dealing with network connectivity utilize percolation 
theory, which will be the foundation of my research too. In [15, 24], the function 
of base station is similar to the aboveground nodes in my WUSN consideration. 
According to the author, for the infinite 2-D plane, base station does not improve 
connectivity. However, in the WUSN field, it is finite, which I think will be more 
like the 2-D strip case, thus the deployment of the above ground nodes may help 
improve network connectivity. 

The interference model in [17, 33, 35] shows if the connectivity of the network 
needs to be kept with the impact of the interference, the orthogonality factor y needs 
to be small. But, the conclusion is drawn under the assumption that the transmit 
power of each node is the same. According to [38, 54], designed transmit power 
assignment can be used to maintain network connectivity. The interference model 
in [39] is simplified to consider interfering nodes individually, which is not true in 
real situation. 

The unreliable link issue considered in [37, 76] is quite similar in WUSNs. 
However, the modeling of the dynamic as a Markov on-off process is not suitable for 
WUSNs, where the links are quite stable during short period but dramatically change 
caused by soil moisture. This process may be modeled as several different networks 
with different path loss function and transmit power. Thus, the connectivity of the 
network may be modeled as a set of several different networks. 
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4.8,2 Efficient Deployment for Full Connectivity of Ad-Hoc 
Networks 

In this section, the possibility of deploying base stations to ensure connectivity 
when the node density, A., is small, is considered. The results show that because 
of percolation there is no benefit in terms of connectivity in the supercritical phase 
and the benefit remains marginal in the sub-critical phase, unless the node spatial 
distribution is close to one-dimensional [15, 62]. 

The transmission range of the nodes is modeled as a ball of radius r/2 and two 
nodes are neighbors if their representing balls intersect. Thus, the communication 
range is fixed at r. This model can be easily transformed to a graph [61]. 

The authors first consider the situation of a pure ad-hoc network for three 
difference cases: one-dimensional, two-dimensional plane, and two-dimensional 
strip. For the one-dimensional case, they calculate the connectivity probability, 
Pc{x), of two nodes at distance v and find the bounds of the probability when 
X > 2r, which is 


(1 - 

< Pcix) < (1 - _ (4 40) 

This leads to the conclusion that in one dimension, the network is almost surely 
(a.s.) divided into an infinite number of bounded clusters, between which no 
communication is possible [65, 81]. 

For the two-dimensional case, the percolation theory holds such that there is 
a critical density for the supercritical phase and a unique unbound cluster a.s. 
The probability that an arbitrary node belongs to this unbound cluster is called 
percolation probability 0. We have Pc{x) > 0^ and inf;c>o^c(-^) = 0^. 

For the two-dimensional trip with width J, percolation never occurs. 


4.8.3 Topology Control Network Connectivity 

The issue of topology control under the physical SINR model with the objective of 
maximizing network capacity is studied in this section. The intention of adopting 
the SINR model is that first the interference in the resulting topology is likely to be 
high because the node degree does not capture interference adequately and second a 
wireless link that exists in the communication graph may in practice not exist under 
the physical model because of high interference [58]. 

In this section, a centralized approach (MaxSR) is proposed for topology control. 
This approach consists two parts: T2P and P2T. T2P optimizes the assignment of 
transmission power given a fixed topology to minimize the average interference 
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degree, and P2T constructs, based on the power assignment, a new topology by 
deriving a spanning tree that gives the minimal interference degree [68, 80]. 

In their model, the communication graph is defined based on the received power 
at the receiver without consideration of interference. Thus, a link (vi, vj) is said to 
exist if and only if: 


Pt{i) > 


d^jRXmin 

SiJ 


(4.41) 


where is the minimum received power requirement and gij is the path 

gain. Moreover, the interference is considered individually in the works [32, 67]. 
Interference node is defined such that the transmission of an interference node 
blocks the transmission on link (vf, vj). In other words, node k is an interference 
node for link (vi , vj) if 


N + pt(k)d-j 




(4.42) 


The interference degree of a link (vi, vj) is defined as the number of interfering 
nodes for {vi, vj). The authors argue that interference degree is a better index than 
node degree in quantifying interference. 

For Topology to Power assignment, and indicator function is employed to indicate 
if a link can transmit and the function is smoothened by the sigmoid function. The 
problem is then modeled as a linear programming problem. For Power assignment 
to Topology, interference degree is first calculated for each edge and exploited 
as the weight of the edge. Then, an algorithm similar to the minimum spanning 
treealgorithm is adopted to reconstruct the topology [40, 55]. Repeating those two 
algorithms alternately, the power assignment and the topology will converge to the 
optimal results. 


4.9 Modeling the Effects of Interference 
4.9.1 The Protocol Interference Model 

Consider a pair of transmitter and receiver /?(/)}, where Xi and denote 

a transmitting terminal and its corresponding receiving terminal, respectively. 
Communication over link {Xi,XR{i)) is successful if the distance between the 
receiver Xr^i) and any other terminal Xk transmitting on the same channel is larger 
than the distance between Xi and by a factor (1 + A), that is 


\Xk-XR^i^\>{\^^)\Xi-XR^i^\. 


( 4 . 43 ) 
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4.9,2 The Physical Interference Model 


Consider a pair of transmitter and receiver with a transmit power 

assignment Pi , the transmission is successful if the signal to interference plus noise 
ratio (SINR) at is equal to or larger than a given threshold p, that is 


Pi 

__ 

^ + JlkeV,k^i \Xk-XRii^\^ 

where N is the additive noise power. 


(4.44) 


4.10 Connectivity in Underground Environment 

The fundamental property of a wireless network is to maintain connectivity between 
all network components (sensors and sinks) for proper functionality. However, 
connectivity definition for terrestrial wireless channel and underground wireless 
network is different. A terrestrial wireless network is considered connected, if 
a sensor node is connected to atleast one sink using multi-hop connection [16]. 
Connectivity of a UG node can be defined in terms of either mobile or fixed AG 
sink nodes. A UG wireless sensor network is considered connected if a UG sensor 
is connected to atleast one fixed AG sink node, or atleast one mobile AG sink node 
once every maximum tolerable latency time t [75]. 

Connectivity analysis of a WUSN is much more complicated as compared to that 
of terrestrial wireless network. WUSN framework is complicated as it consist of two 
types of sensor nodes (UG and AG nodes), and three types of transmission links, i.e., 
underground-to-underground (UG2UG), underground-to-aboveground (UG2AG), 
and aboveground-to-underground (AG2UG) links [1,6, 77]. Among three links, the 
transmission range of UG2UG is lowest due to soil [26, 73]; transmission range of 
UG2AG is highest as most of the signal travels through air. AG2UG is lower than 
UG2AG because of reflection from soil-air interface [73]. Moreover, in WUSNs, 
there is a trade-off between connectivity and latency. 

A WUSN system consists of multiple sensor nodes for sensing data, and sink 
nodes for collecting data from the sensor nodes. A sing sink node results in using 
large numbers of UG nodes, therefore, the high density is required to achieve full 
connectivity. However, high density of UG nodes increases the maintenance and 
deployment cost. Therefore, high density of UG nodes is not recommended, instead, 
number of AG nodes are increased [1, 6]. It is not recommended to deploy the AG 
nodes in field as it can effect the everyday operation of application where they are 
deployed, e.g., big machinery in agriculture cannot be used with high number of 
AG nodes. This constraint may cause the high density of sensor nodes on the border 
far from the field. To that end, AG nodes can be fixed on a mobile machinery and 
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Fig. 4.18 WUSNs network topology [75]: gray shaded region represents the range of each node 
for connecting with the other node 


sensors far from field can send their data to sinks when machinery comes to their 
transmission range. 

There has been already work done in analyzing the connectivity of ad-hoc 
networks. For example, authors in [20], transmission ranges of nodes are scaled 
to get the connectivity, and in [3] maximum connectivity probability is computed 
using node density. Authors in [69] give the simulation results to study the 
connectivity issues in mobile ad-hoc network. In [16], authors study the connectivity 
in wireless network using single sink and [18] does it using multiple sinks. This 
section discusses the probability of connectivity in multi-hop wireless network using 
multiple sinks, environmental effect on connectivity, and latency-connectivity trade¬ 
off in wireless channel. 


4.10.1 Channel Models 

In [26], authors developed a WUSN channel model which is validated in [6, 73]. 

As discussed in previous section, WUSN channel model consists of three channels. 

The transmission of three channels are given below: 

• UG-UG Channel —If power transmitted by the UG sensors is given by , 
receiver and transmitter antenna gains are gr and gt, respectively. The received 
power is calculated as = P^ gr-\- gt — Lug-ug, where Ljjg-ug is the 

path loss of this channel. Similarly, the transmission range of UG-UG channel is 
given as [75]: 


Rug-ug = max{(/ : /Pn > SNRth}, (4.45) 

where d is the distance between sending and transmitting sensor, noise is given 
as Pn , SNRth represents minimum signal-to-noise ratio for receiver. 

• UG-AG Channel —For a total received power of Py~'^ = + gr + gt — 

Lug-AG, the transmission range for UG-AG channel is given as [75]: 
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Rug-ag ^ maxWAG : Pr~^/Pn > SNRth). (4.46) 

• AG-UG Channel —Similarly, for a total received power of + gr + 

gt — Lag-ug^ the transmission range for AG-UG channel is given as [75]: 


Rag-ug - max{d : P,^-^/Pn > SNR,h}. (4.47) 


4.10.1.1 Network Model 

Figure 4.18 shows the network topology used for the analysis. The network consists 
of multiple UG sensor nodes and n fixed AG nodes and m mobile AG nodes, carried 
by some machinery, distributed in a WUSN region M? where transmission range of 
nodes is much less than the region There are two phases of communication: 
data from UG sensors is collected in sensing phase (using UG2UG channel) and 
data from sensing phase is reported to AG nodes in control phase (using UG2AG & 
AG2UG channel). 


4.10.1.2 Mobility Model 

Mobile AG nodes are fixed on equipment and field machinery. The mobility of 
machinery is modeled as random walk [13] and its probability distribution function 
is given as follows: 


P{t, (Xt, yt)) = 




exp 


{Xt - xo)^ + {yt - yof 




(4.48) 


where cr^ is variance of the flight duration and r is mean step time. A mobile AG 
sink will be more active when the value for cr^ is larger and r is smaller. 


4.10.2 Lower and Upper Bound of the Connectivity Probability 

Connectivity probability of a WUSN is dependent upon various dynamically 
changing environmental and system factors. Therefore, connectivity in WUSN can 
be given as a probability function. The lower bound on the probability function can 
be calculated from two quantities: (1) lower bound on a probability sensor deployed 
at location (x/, yt) connects with the sink at {xj, yi), ~ Sink^^^’^^\ in 

multi-hop manner and first hit time of the random walk given in mobility model. 
The lower bound of connectivity probability is given as follows [75]: 
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Pc > exp 





F) . + 1 


G^dxidyi ■ , 

(4.49) 


where X is the UG sensor node density, jx is the mobility of mobile sinks, is 
the area of region M?, S fix is the area covered by fixed sink node in M?, 

Similarly, upper bound on probability of not having an isolated UG node in 
WUSN is given as [75]: 


Pc < exp{-x • e-^^^vG 2 UG . (5ji2 - Sfi.) • H{m, Rug2ag, cr~^/r, ?.)}, (4.50) 


where Rugiag^ Rugiug are the transmission ranges, and ts is the latency that 
can be tolerated during sensing phase. 


4,10.3 Performance Evaluation 

From Eqs.4.49 and 4.50, it can be observed the lower and upper connectivity 
probability bound of a WUSN is dependent upon various parameters. These bounds 
are validated by performing a simulation experiment in [75]. The simulation 
parameters are as follows: 12 fixed and 10 mobile AG nodes are deployed in 
100 m X 100 square grid. Fixed AG nodes follow uniform distribution and deployed 
at the border (3 at each corner), whereas mobile move as per random walk mode 
with a^/r = Im^/s. Tolerable latency in sensing and control phase are ts = 30 s 
and tc = 20 min. Transmitting power is lOmW, receiving and transmitting antenna 
gains are 5dB, burial depth is kept 0.5 m, and height of antenna at sink is 1 m. 
Soil moisture (VWC) is kept at 10%, sand particle 50%, and clay is 15%. Each 
simulation is run for 500 times and results are averaged. The bounds are calculated 
using Eqs. 4.49 and 4.50. Figures 4.19 and 4.20 show the simulation results to study 
the effect of different parameters on connectivity. 

1. Soil Moisture —Fig. 4.19a shows the connectivity probability with UG sensor 
density in wet (25% VWC) and dry soil (10% VWC). As the transmission 
range decreases in wet soil due to high water content, the UG nodes in wet soil 
scenario are doubled to get the equal connectivity probability. It can be seen 
that soil moisture significantly effects the connectivity of WUSN and due to 
continuous dynamic change in soil moisture, connectivity status of WUSN also 
keeps changing. 
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Fig. 4.19 Simulation results [75]: (a) effect of soil moisture, (b) latency effect 


2. Tolerable Latency —Fig. 4.19b shows the connectivity probability with latency of 
the WUSN. With higher latency the connectivity of the WUSN increases. For 
this simulation, the latency was increased from 30 to 300. Therefore, there is a 
trade-off between latency and WUSN connectivity. 

3. Depth and Height — Fig. 4.20 shows the effect of UG node depth and AG antenna 
height on connectivity probability of the WUSN. The depth of deployment 
significantly effects the UG2AG and AG2UG communication whereas height 
effects the AG2UG communication only. It can be seen in Fig. 4.20a, during 
sensing phase, that connectivity is significantly lower for depth over 2.5m. 
Conversely, connectivity probability increases with doubling the height in Fig. 
4.20b. 
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Fig. 4.20 Connectivity probabilities with (a) different UG sensor burial depth in sensing phase 
and (b) different AG sink antenna height in control phase [77] 
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Chapter 5 

Underground Wireless Channel 
Bandwidth and Capacity 


Check for 
updates 




5.1 Introduction 


The analysis of the capacity in wireless underground channel is challenging due 
to many factors: first, when an electromagnetic wave is incident into soil, the 
wavelength changes because of the higher permittivity of soil compared to that of air 
[7]. Soil permittivity depends on soil properties, such as bulk density, soil texture, 
soil moisture (volumetric water content), salinity, and temperature. Second, when 
an antenna is buried underground, its return loss property changes due to the high 
permittivity of the soil [40] . Moreover, with the variation in soil moisture and hence 
soil permittivity, the return loss of the antenna varies too. Figure 5.1 shows the 
organizational structure of the chapter. The wireless underground channel capacity 
is discussed next. 


5.2 Wireless Underground Channel Capacity 

The single- and multi-user capacity of wireless underground channel is discussed in 
the following sections. 


5.3 Single User Capacity 

The channel capacity, in a wireless communication, is calculated as : 



(5.1) 


© Springer Nature Switzerland AG 2020 
A. Salam, U. Raza, Signals in the Soil, 
https://doi.Org/10.1007/978-3-030-50861-6_5 


167 




168 


5 Underground Wireless Channel Bandwidth and Capacity 



Fig. 5.1 Organization of the chapter 


where B denotes the system bandwidth, S denotes the received signal strength 
at receiver, and Nq denotes the noise power density. The analysis considers the 
maximum bandwidth for antenna design. Received signal strength of the signal is 
affected by the antenna return loss and is given as: 

5dB = /^/ + 101ogio(l-10-^)-L, (5.2) 

where is the antenna return loss, L is the path loss. The interference in 

wireless communication is not that big. It is because of less number of devices; 
hence, noise is mainly thermal noise and can be considered constant [21, 42]. 


5.3.1 Numerical Analysis 

This section discusses the experiments conducted to understand the soil impact on 
underground wireless communication. In the upcoming sections, the discussion on 
how propagation loss, return loss, and bandwidth of antenna are affected by soil is 
presented. Moreover, it also analyzes how channel capacity responses to changing 
frequencies and soil moisture level. The default parameters for the experiments, 
unless a change is specified explicitly, are as follows: soil type is clay soil (having 
31% clay and 29% sand), depth of underground device is 0.4 m and that of 
aboveground is 2.5 m, and length of antenna is 60 mm with diameter of 2 mm. 

To assess the performance of UG channel we have analyzed the UG channel 
capacity. Our analysis shows that higher soil moisture affects the path loss and 
capacity of UG channel. Change in the path loss and capacity with soil moisture 
in silt loam testbed for 200, 500, and 700 MHz frequencies is shown in Fig. 5.2. We 
can see from Fig. 5.2a that when soil moisture is decreased, there is 5-8 dB decrease 
in path loss at 200 MHz frequency, 25 dB decrease at 500 MHz, and 15 dB decrease 
in path loss is observed at 700 MHz frequency. This is caused by higher permittivity 
of the soil at higher soil moisture, higher attenuation of waves causes higher path 
loss. 

Similarly in Fig. 5.2b we can see that capacity is increased with decrease in soil 
moisture for all three frequencies. Due to the fact that in most situations, sandy soil 
has lower path loss, it has a higher capacity than the silt loam soil in most situations. 
Each soil has an optimal operation frequency region where the communication 
achieves the maximum capacity. However, unlike over-the-air communications, the 
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Fig. 5.2 Effects of change in soil moisture on (a) Path Loss, (b) Channel capacity 


optimal frequency where the maximum capacity is achieved is not the same as the 
resonant frequency of the antenna. Moreover, since changes in soil moisture affect 
the path loss, return loss, and bandwidth of antenna, hence, capacity achieving 
frequency spectrum changes as well. This is because lateral wave and reflected 
wave [7] experience more attenuation as the burial depth of the antenna is increased. 
Therefore, in UG communications, the effects of the antenna and the soil need to be 
considered together to find the optimal operation frequency. 


5.3.2 Soil Impact on Return Loss, Bandwidth, and Path Loss 

Figure 5.3a shows the negative of return loss (5ii) at frequency range of 100 MHz to 
1 GHz. Volumetric water content (VWC) is the major way to indicate soil moisture 
and is calculated as a ratio of water in a soil-water mixture. It analyzes the effect of 
VWC at 20, 25, 30, 35, and 40%. VWC inversely impacts the resonant frequency. 
Increasing the VWC values significantly decreases the resonant frequency, e.g., as 
shown, the frequency decreased approximately 33%, i.e., from 649 to 432 MHz, 
with a VWC increase of 20-40%. 

Figure 5.3b plots the antenna bandwidth with operation frequency at changing 
soil moisture levels and return loss threshold 8 of — lOdB. Bandwidth is given as 
a range of frequency where the return loss is less than the threshold. Therefore, 
system achieves the highest bandwidth at resonant frequency and it suddenly start 
to decrease out of the resonant frequency. For example, for VWC = 40% the band¬ 
width decreases approximately 16%, i.e., from 62 MHz (at resonant frequency of 
434 MHz) to 52 MHz (operational frequency of 433 MHz). Similarly, the bandwidth 
is inversely affected by VWC at a given resonant frequency. It can be observed that, 
at resonant frequency, the bandwidth is 94 MHz at 20% VWC and drops to 74 and 
62 MHz with a VWC increase of 20 and 40%, respectively. 
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(a) (b) 






(e) (f) 

Fig. 5.3 Numerical results from experiments: (a) Return loss, (b) Bandwidth, (c) Path loss in 
UG2AG channel, (d) Capacity in UG2AG link, (e) Capacity at different frequencies and soil 
moisture values, (f) Capacity at different frequencies and antenna sizes [8] 


Figure 5.3c shows the path loss for UG2AG channel, with frequency at changing 
soil moisture [22, 25]. It can be observed that path loss is directly proportional 
to VWC and frequency. Soil moisture affects the path loss and this effect is 
significantly higher at higher frequencies. For example, as shown in Fig. 5.3c, path 
loss is 107.6 dB for a VWC of 40% and frequency of 200MHz. With the same 
frequency, it changes 102.9 dB at VWC of 20%. It shows that the path loss increases 
by 4.7 dB while doubling the soil moisture. However, at higher frequency of 
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900 MHz, path loss changes from 138.6-131.4 dB at VWC 40 and 20%, receptively. 
Hence, the difference increases to 7.2 dB. 


5.3.3 Capacity Analysis 

This section analyzes the underground communication on the basis of channel 
capacity and measures the impact of soil moisture. The parameters of analysis are as 
follows: transmit power of 10 dBm, noise power density is 1.5625 x 10“^^ WHz“^ 
[23, 42], maximum bandwidth of the system is same. Although new specific 
modulation schemes are needed to use the said maximum bandwidth, however, it 
is out of the scope of this discussion. 

Figure 5.3d plots channel capacity, calculated by Eq. (5.1), with operational 
frequency. It shows the optimal frequency for each soil moisture level where the 
capacity is maximum. The channel capacity ranges from 38 to 70 kbps for VWC 
ranging from 20 to 40%. As in the case of antenna return loss, the operational 
frequency decreases with the increase in soil moisture. The interesting thing to note 
is that the optimal frequency, at which channel capacity is maximum, is much lower 
than the resonant frequency, e.g., at 20% VWC the optimal frequency (611 MHz) is 
38 MHz lower than the resonant frequency (649 MHz). This is mainly because the 
system bandwidth is highest at resonant frequency but noise power also increases 
because of power density NO being a constant. Moreover, as shown earlier in 
Fig. 5.3c, path loss decreases with decrease in frequency [27, 30]. 

Figure 5.3e plots channel capacity with optimal frequency as a function of VWC 
along with different soil types (clay and sandy). It can be observed that soil moisture 
and optimal frequency are inversely proportional where, for clay soil, a decrease in 
soil moisture from 40 to 10% causes optimal operational frequency to increase from 
409 to 833 MHz and for sandy soil, the optimal frequency is between the range 393.1 
and 778.6MHz. It shows that frequency moves in a wide spectrum with change 
in soil moisture; therefore, the transceivers employed in WUSNs must be able to 
operate in wide and lower spectrum range depending on soil moisture values. 

Channel capacity shows irregular behaviors in response to change in soil 
moisture especially in clay soil. For clay soil, there is a slight decrease in channel 
capacity for VWC increase of 10-11% and then increases to 109.3 kbps for VWC 
= 40% because of impact of soil moisture and operation frequency on path loss. 
From Fig. 5.3c, path loss is inversely proportional to the soil moisture at the same 
operational frequency and increases monotonically with increasing frequency. Even 
though the path loss increases with soil moisture, it also causes a decrease in 
optimal operational frequency because of wavelength shortening and low frequency 
in response to low path loss. Hence, the overall path loss of the system may not 
decrease with the increasing soil moisture. This holds true for the sandy soil as 
well where capacity is the direct function of soil moisture because sandy soil has 
relatively lower attenuation from clay soil especially for high soil moisture levels. 
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Sandy soil has much higher channel capacity than clay soil for all of the soil 
moisture levels. The channel capacity of sandy soil (94.22 kbps) is 78.2% higher 
than clay soil ( 52.86kbps) at VWC = 10%. Similarly, at VWC = 40%, the channel 
capacity of sandy soil ( 307.8 kbps) is 181.6% higher than clay soil (109.3 kbps). 
This behavior is due to lower path loss in sandy soil [32]. In practical applications, 
soil type cannot be changed; however, antenna size can be changed. Figure 5.3f plots 
the operational frequency and corresponding capacity at different sized antennas. 
The lengths of antennas are kept at 60, 100, and 140 mm in a clay soil. It was 
observed that as the antenna size increased (longer antenna), the capacity also 
increased. This is because for longer antennas, the optimal operation frequency 
also decreased, hence, experiencing low path loss at lower frequency. At VWC = 
15%, the operational frequency and corresponding capacity, in pair, were given as 
(703.4 MHz, 54.42kbps) for 60mm antenna, (443.4 MHz, 455.2kbps) for 100mm 
antenna, and (314.6 MHz, 1680 kbps) for 140 mm antenna. It can be seen that 
frequency is decreasing and capacity is increasing with increase in antenna size. 
The difference becomes greater with increase in soil moisture. For a soil moisture 
of VWC = 40%, the capacity increases from 109.3 to 3221 kbps when antenna size 
increases from 60 to 140 mm. Therefore, the analysis shows that long antennas 
are suitable for achieving lower path loss. However, the size depends upon the 
device and availability of the spectrum. It is also hard to employ longer antennas 
in underground environment [28]. 

Figure 5.4 shows the comparison of the fixed-frequency systems with cognitive 
radio system in clay soil. Four fixed-frequency systems are operating at 550, 600, 
650, and 700 MHz and cognitive radios dynamically adjust its frequency with the 
soil moisture levels. For a fixed soil moisture level, the performance of both systems, 
in terms of channel capacity, is same, e.g., 600 MHz system has same capacity as of 



Fig. 5.4 Comparison of channel capacity from non-cognitive (fixed-frequency system) and 
cognitive radio system [8] 
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cognitive radio at VWC = 21%. However, it is not true when the soil moisture level 
varies, in which case, cognitive radio have better performance as compared to fixed- 
frequency system. Another important advantage of cognitive radios is that it can 
sustain capacity higher than the 50 kbps within a wide range of soil moisture level 
which is not possible with the fixed-frequency systems. For example, with fixed 
operational frequency of 550 MHz, system is operating with VWC in the range of 
25-30% and this VWC range is 16-19% for fixed operational frequency of 700 MHz 
[24, 33]. 


5.4 Underground Multi-Carrier Capacity 

A communication system is evaluated using probability of bit error rate as a metric 
for SNR values and data rate. However, UG nodes have very low transmission 
power to achieve a prolonged operating period. Therefore, the achievable data rate 
of wireless underground channel must be estimated for a fixed BER considering the 
low transmission power of UG nodes. Coherence bandwidth is used as sub-carrier 
bandwidth for ISI avoidance. It is known that channel capacity changes with the 
bandwidth [18, 26]; hence, it is highly recommended to use bandwidth of sender 
and receiver antenna pair and channel transfer function of the UG channel while 
evaluating the capacity of UG channel. Bandwidth of the channel is calculated 
from the return loss of the antenna. The effect of soil moisture and soil type 
on wireless UG channel is studied using multi-carrier modulation. The coherence 
bandwidth changes are adapted as per soil moisture changes, hence, adapting sub¬ 
carrier bandwidth and the system accordingly [29, 34]. 

The number of sub-carrier in a multi-carrier modulation is a minimum number 
required for inter-symbol interference (ISI) avoidance. If Bs denotes the system 
bandwidth, Bcb denotes the UG channel coherence bandwidth, then the total number 
of sub-carriers are given as Nc = \Bs/Bcb^• Bs is dependent upon the antenna 
bandwidth. Antenna bandwidth is calculated from its own return loss below a 
threshold value 5 (e.g., [2] uses 5 = — lOdB ). 

Figure 4.2a shows the experiment results where return loss of a dipole antenna 
operating at 433 MHz and saturated condition, i.e., soil matric potential = 0. Three 
different types of soils are used for this experiment. Bandwidth variation can 
also be seen whereas Bcb relies on channel characteristics. Empirical coherence 
bandwidth values are used for the analysis. These values are obtained from time- 
domain impulse response measurements and will be measured in testbed and field 
experiments [34]. 

The modulation scheme considered to determine the UG channel capacity is 
M-ary quadrature amplitude modulation (MQAM). This modulation scheme is 
used for each carrier of multi-carrier transmission system due to its high spectral 
efficiency [17]. The total UG channel bit rate is given as Rug = where 

Nc is the total number of sub-carriers, Bcb is the bandwidth of each sub-carrier, and 
Ti represents the number of bits per symbol for each carrier [38]. 
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P/(NqW) (dB) Matric Potential (CB) 


(b) 


Fig. 5.5 (a) High-SNR optimization in the silty clay loam soil and (b) System bandwidth 
approaches 


For maximum UG channel bit rate Rug, optimized power allocation can be 
done between all sub-carriers on the basis of (a) fixed power constraint P and (b) 
probability of symbol error of each sub-carrier, > Psa , V/. 

The overall bit rate is given as [13]: 


Nc 

^^8 ~ ^ ! ^cb log2 
i = l 


1 + 





(5.3) 


where P is transmit power constraint, Nc represents the number of sub-carriers, and 
Yi's are selected such that Yi ’ P = Vi > 0- 

As discussed, the power between each sub-carrier is optimized to achieve 
maximum Rug. This optimization problem [19, 48] of achieving optimum power 
allocation ]/* can be solved as water filling problem [4, 5] was solved by using a 
Lagrangian multiplier technique. Figure 5.5a shows the initial comparison of this 
approach with that of simple power allocation. This experiment is performed for 
silty clay loam soil. It can be seen that when equal power distribution is utilized, it 
results in higher data rate for low P/(NoW) values of less than 17 dB. Therefore, 
this technique can be used as default in scenarios with mobile data collection when 
data collector is moving near the UG radio. The allocation can then be improved 
according to the improvement in channel state. It will give enough time to gauge the 
state of UG channel without any performance degradation [36, 37, 39]. 

Next, multi-carrier modulation capacity is analyzed through detailed antenna 
return loss and empirical channel transfer function. The experiments are performed 
in different soil types to study the impact of soil types with varying soil moisture 
levels. 
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5.4.1 Soil-Based UG Channel Estimation 

One of the important part of multi-carrier modulation schemes is channel estimation. 
UG channel is estimated by using two techniques: (a) using statistics of soil moisture 
only, (b) extending approach of dynamic channel sensing. The first approach uses 
this channel transfer function to create a configuration database of channel states 
and impulse responses. The soil moisture measurements are taken at different 
instants and a channel state is selected based on those measurements. Next, a 
comparative analysis between theoretical (from (5.3)) and experimental multi¬ 
carrier communication is used for results for validation. 

The second approach is an improvement of first one and gives more accurate 
channel state. It incorporates real-time channel sensing by adding extra hardware 
for dynamic channel estimation. However, it will also add an extra overhead. 
UG devices are being improved using advanced technologies making the dynamic 
channel sensing a feasible solution for UG communication systems [35, 40]. The 
channel state is not expected to change within close vicinity of a measured soil 
moisture level area. Hence, a powerful UG node can be used as a master node to 
perform dynamic channel estimation. This master node can disseminate the channel 
state to other low power UG nodes. Moreover, dynamic channel sensing is expected 
to consume more power. Unlike traditional sensing nodes and handheld devices, 
UG nodes do not have tight size limitations because they are buried. Hence, power 
consumption problem can be minimized by burying large batteries with UG nodes 
for prolonged operation. 


5.4.2 Adaptive Sub-carrier and System Bandwidth 

The initial results show that the capacity of UG channel with multi-carrier modula¬ 
tion is affected by the soil moisture, soil type, and distance between the transmitter 
and receiver. Similarly, transmission parameters (e.g., sub-carrier bandwidth) can 
be adjusted to improve performance. 

Given these findings, the effect of adaptive sub-carrier bandwidth (ASB) on UG 
channel capacity was analyzed. In [3, 20], improvements were reported with the 
use of adaptive channel width, and [6, 43] reported improvements with adaptive 
sub-carrier bandwidth (ASB). As an initial work, a comparative analysis was 
performed between the theoretical data rate of a fixed sub-carrier (411kHz) and 
system bandwidth (20 MHz) with an adaptive sub-carrier and system bandwidth 
approach. Figure 5.5b shows the results for different soil moisture levels. For a soil 
moisture level of 27 CB, fixed approach gives the channel capacity of 102 Mbps and 
adaptive gives 159 Mbps, i.e., approx. 56% higher channel capacity. Similar trend 
is experienced when the soil moisture is increased to 50 CB with adaptive approach 
achieving the channel capacity of 241 Mbps, i.e., approx. 136% higher than fixed 
approach. 
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5.5 Magnetic Induction-Based Wireless Channel Capacity 

EM waves can only be used for small communication ranges in underground 
environment because it suffers from severe impairments due to rocks, soil, and 
sand. Therefore, a feasible alternative is to use magnetic induction for underground 
communication. First Ml-based WUSN was used by Akyildiz and Stuntebeck [1]. 
In Ml-based WUSNs, magnetic coils are used as communication antenna combined 
using a waveguide structure. Many relay nodes are used between the end nodes to 
facilitate the communication between two ends [45]. Ml-based WUSN, similar to 
conventional wireless network, takes the advantage of lower path loss extending the 
transmission range as compared to its EM-based counterpart. Another advantage 
of Ml-based relaying nodes is that they do not need to be charged; however, 
end transceiver nodes need energy and can be charged using mobile aboveground 
devices [14]. WUSNs are not demanding in terms of data rate; however, channel 
characterization of Ml-based is important so that it can provide at least sufficient 
performance. In this section, a specific Ml-based channel modeling scheme is 
discussed in detail. 


5.5.1 System Model 


Topology used to model system includes a one sender, one receiver, and k — \ 
passive relays. All nodes are connected in a waveguide structure. The voltage source 
of sender is Ut and load impedance of receiver is Z/. Relaying nodes are placed 
equidistantly between both end nodes [45]. Each node circuit consists of an antenna 
(magnetic), a capacitor C, and a resistor R. The parasitic effect of a circuit due 
to high frequencies is ignored. To that end, such frequency ranges are adopted for 
which the effect is negligible. Multi-layer air core coil is used as an antenna. The 
inductivity L and copper resistance R of such antenna coil are given as: 


An 




(5.4) 

(5.5) 


where N denotes the total coil windings, radius of the coil is a, length of the coil is I 
= 0.5a, h and /i denote the height and permeability of the coil. The capacitance C = 
( 27 r/o)^L chosen such that the circuit operates at resonant frequency /q. Moreover, 

in Eq. (5.5), p ~ 1.678 x 10“^ mm^/m and represents the copper resistivity, 
and rw are the total length, cross-section area, and radius of the wire, respectively. 
The induced voltage is calculated through mutual inductance M [46] as follows: 
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M 


9 

= iittN —^ (2 sin Of sin Or + cos 6t cos Or) • G, 
4r^ 


(5.6) 


where Ot is the angle between radial direction of the coil, Or is the angle between 
the line connecting the center of two coils, r gives distance between two coils. An 
additional loss factor which occurs due to eddy currents is given by G. 

Loss in Soil Magnetic waves suffer from extra attenuation due to eddy current [16]. 
This effect is considered in this model by using a scaling factor G = where 

the attenuation factor 8 is given as: 


5 = 


1 



a 


2 


(2w/)2e2 



(5.7) 


where e is the permittivity and cr is the conductivity of the soil, / is the frequency. 
Path Loss The path loss the system is calculated as [15]: 


Lpif) = 


Pt(f) 


Prif) 


\S{x, XL, k) ■ S{x, XL, k + 1)1 
|Im{xz,}| 


(5.8) 


where Ptif) is the required transmit power given as: 


1 1 |t/fp \S{x,XL,k)\ 

Pf{f) = -\Ut ■ /o =- — - 

■’ 2' ' 2\j2jtfM\\S{x,XL,k+l)\ 


(5.9) 


and Prif) is the active received power given as: 


1 . |f/^p.Re{ZL} 

Prif) = -|4|2Re{Zz,} = 'JL. A im2 ’ 

2 2|j27r/M|^|»S(v, vl, k + 1)|^ 


(5.10) 


where the induced voltage of coil n — \ \^Un = jin fM and 


Six, XL, n) = Fix, n) -\- XL ’ Fix, n — \) 
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Load Impedance The element of the circuits is susceptible to noise and can 
degrade the performance of the system; hence, the simplest possible load impedance 
is given as [15]: 


Zl = Zl,r = Re { j27tfoM ■ 


Fjxo, ^ + 1) 1 
Fixo, k) I 


(5.11) 
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where xq = nnf jm because of the very limited bandwidth of Ml-based systems 

[45]. 

Noise Modeling There can be many random noise sources in the environment. The 
noise is basically EM waves 10 cm and given the high EM attenuation in the soil, the 
effect of these waves can be minimized to a large extent. Therefore, only thermal 
noise, from resistors of relay and end nodes, is considered as a dominant source. 
Noise power at load impedance is given as [15]: 

PN,R{f) - 2 |y27r/M|2 

(5.12) 


E 

m=0 \/i=0 


5'(x, XL, n) 


k—n 


S(x, XL, m)S(x, XL, m + 1) 


If all the noise sources are independent with Johnson-noise [10] power spectral 
densities E{\UR^n(f)\^} = ^KTR, V n (E{-} = expected value), then average noise 
power due to resistor is given as: 


IAKTRZl r 


j \S{x,XL,n)\^ 


n=0 


E 


1 


^(x, XL, m)S{x, XL, m + 1) 


where Boltzmann constant K ~ 1.38 x 10“^^ J/K, temperature in Kelvin is T = 
290 K, and R is the copper resistance from Eq. (5.2). 

Similarly, noise from the resistor with power density E{\Uzi — 

4KTZl,r is given as: 


E{PN,ZLR(f)} 


1 ^ktzI^ 

2 \j2nfM\'^ 


k ^ 

T -^- 

S(x, XL, m)S(x, XL, m + 1) 

m=0 


Einally, the total power spectral density of noise for load resistor is given as: 


E{Pnoise(/)} = + E{PiV, Zl,/?(/)}. (5.13) 


5 . 5.2 Channel Capacity 


To maximize the channel capacity of the system it is important to find the optimal 
waveguide parameters. To that end, three parameters are chosen: the number of 
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coil windings, transmit power density spectrum, and the carrier frequency. Other 
parameters are either not possible to change or dependent upon these parameters. 
The optimization problem is given as follows [15] : 


arg max Cch 

s.t. : 




Pt(f) 


L„(/)E{P„oise(/)} 


d/ 


/ -fCXD 

p,{f)df = p, 

-00 

(3)/o e [/o ,min9 /o,max]5 (4) 


(2)N G [Wniin, A^max] 
1 

> Co, 


(5.14) 


(27r/o)^L 


where channel capacity is given as Cch [15], and total power transmitted is P. 
The transmit power spectral density is denoted by Pt(f). Pt(f) can be adjusted 
by Ut.Lp(f) (from Eq. (5.8)) and E{Pnoise(/)} (from Eq.(5.11)). Some of the 
limitations, imposed on the systems, are: (1) limited number of coil windings are 
used in the range of [A^min, A^maxl as size of the relay nodes can cause an issue 
while deployment, (2) lower frequency ranges (/o,min =1 kHz, /o,max =300 MHz) 
are used to avoid parasitic effect. However, higher carrier frequencies with larger 
number of windings result in the low capacitance increasing the parasitic resistance 
significantly [44] . Hence, a lower bound on the penitence Cq is applied. 

Optimization Algorithm for Channel Capacity A 2-dimensional grid is spanned 
over extreme values of /o and N. Capacity is determined for each grid point over 
multiple iterations Xj. The grid point having the largest capacity is selected as a 
region of interest for each iteration of the algorithm. The values of /o and N are 
selected as per the constraints given in Eq. (5.14). A total of 40 grid points are used 
for the /o and 10 for A. The /o points are exponentially separated instead of being 
equidistant because of large difference in minimum and maximum values of /q. 
Moreover, if a point is not in accordance with the constraint 4 of Eq. (5.14), channel 
capacity is set to zero. Eor other points, an optimal transmit power spectral density 
Pt(f) is evaluated using water filling [47] as follows: 


Ptif) = max 



L„(/)E{E„oise(/)} 



(5.15) 


where k is adapted to satisfy the constraint 4. Equation (5.15) is integrated in 
Eq. (5.14) which gives the channel capacity for a particular (/o, A^). 


5.5.3 Numerical Results 

The system is simulated for different arrangements of waveguide. Simulation 
parameters are given in Table 5.1. Two different deployment schemes, horizontal 
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Table 5.1 Parameters 


Parameters 

Description 

Values 

P 

Total transmit power 

10 mW 

^ w 

Wire radius 

0.5 mm 

a 

Coil radius 

4 

a 

Coil conductivity 

0.01 S/m for dry soil; 

0.077 S/m for wet soil 

€0 

Electric constant 

8.854 X lO-'^F/m 

e 

Soil permittivity 

e = leo for dry soil; 

€ = 29^0 for wet soil 

II 

o 

Magnetic constant 

47t ■ lO-’ H/m 



Fig. 5.6 (a) Effect of carrier frequency on channel capacity [15] ; (b) Effect of number of windings 
on channel capacity at constant frequency [15] 


and vertical, were analyzed [11]. For vertical deployment, Of and Or were kept 
equal, whereas for horizontal deployment Of = 7r/2 and Or = —7r/2 were used. 
Vertical deployment gives the omnidirectional communication range, however, do 
not maximize the mutual inductance, hence, exhibiting a very high path loss for 
vertical deployment as given in the following equation: 


^ p, vertical (/) 


^2k 


L p , horizontal if)- 


(5.16) 


In Fig. 5.6a, channel capacity is plotted with the carrier frequency with V=1000, 
15 relays, and total distance of 50 m in a dry soil. The constrained capacitance is 
Co = 1 pF. Figure 5.6a shows the results for both constrained and unconstrained 
capacitance. Low capacity is observed for the constrained channel capacitance 
and, for unconstrained capacitance, channel capacity is high at large values of the 
frequency. Similar kind of behavior is observed in Fig. 5.6b where capacity is plotted 
with total number of windings at a constant frequency of /o = 1 MHz. Capacity is 
low for the constrained scenario and high for unconstrained scenario. Hence, both 
/o and N need to be optimized together. 
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Figure 5.7 gives the capacity results for optimum values of N and /q. It plots the 
optimum capacity with minimum capacitance Co for X/ =4 iterations. For large 
values of Co, the channel capacity decreases more in dry soil than wet soil. Capacitor 
constraints do not affect the performance in wet soil because the constraints do 
not let maximum carrier frequency go significantly lower than optimal carrier 
frequency. 

Figure 5.8 plots the channel capacity with the inter-relay distance. Parameters for 
the experiments are as follows: Co = IpF, B = 100 MHz, and /o = 300 MHz. It 
is also compared with EM-based communication where noise power of EM-based 
transmission is Pnoise,EM = KTB [14]. Eour different constellations were used 
for the Ml-based communication: Direct MI (written as only MI in the figure), Mi- 



Fig. 5.7 Effect of capacitance on channel capacity [15] 
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Fig. 5.8 Channel capacity for EM-based and different Ml-based WUCs [15] 
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waveguides for distances of 3, 4, and 5 meters represented by MI-WG-3m, MI-WG- 
4m, and MI-WG-5m, respectively, in the Fig. 5.8. Here, minimum distance refers to 
the highest number of relay nodes. It was observed that EM-based transmission 
is effective for only J < 7 in dry soil. For wet soil, EM-based communication 
performance is always less than the Ml-based. Under constrained capacitance the 
performance of the MI-waveguides suffers badly even less than the direct MI in 
case of 4 and 5 m. Ml-waveguides with 3 m intercoil distance are performing well 
for the J > 45 m. Although MI-waveguide with high relay density, i.e., 3 m intercoil 
distance, increases the channel capacity (600 bits/s) and communication distance 
(100m); however, deployment effort (deploying nodes and adjusting their angles) 
should also be considered for this case. Therefore, it is a trade-off between the relay 
efficiency and deployment effort. 


5.6 Bit Error Rate (BER) Analysis 

Experimental analysis of the BER in wireless underground channel is challenging 
due to the factors. First, when an electromagnetic wave is incident into soil, the 
wavelength changes because of the higher permittivity of soil compared to that of 
air. Soil permittivity depends on soil properties, such as bulk density, soil texture, 
soil moisture (volumetric water content), salinity, and temperature. Second, when 
an antenna is buried underground, its return loss property changes due to the high 
permittivity of the soil. Moreover, with the variation in soil moisture and, hence, soil 
permittivity, the return loss of the antenna varies too. 

The BER statistics performance of channel is used to design error control 
schemes. For these experiments, the error statistics from [12] and [41] are used. 
These statistics are important to ascertain the channel behavior under different 
conditions and are useful in designing error coding schemes. A relation between 
BER and channel capacity has been established that can obtain capacity of channel 
in terms of BER obtained by experiments without the knowledge of statistical 
characterizations, (such as PDF, cumulative distribution function (CDF), moment 
generating function (MGF), moments, Laguerre moments, etc.) 

The following bit error statistics are implemented: 

• Bit error rate 

• Probability of burst length b, P(b) 

• Burst count of each burst length n 

• Offset to start symbol 

• Positions of bits in error of all symbol 

• Number of correctly received symbols 

• No of bits in error per symbol 

• Average no of bits in error 

The experiments are conducted for frequency range of 100-600 MHz using GNU 
Radio [11] and USRPs [9]. The 500K and 200K channel bandwidth are employed 
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Capacity and Bit Error Rate Plot 



Frequency (MHz) 

Fig. 5.9 Capacity and BER Plot — 200k — different soil moisture values 


for these experiments. The dipole antennas are used in these experiments. A series 
of sequences of 1000 bits long are sent from transmitter and at the receiver side error 
statistics of the channel are obtained by comparing the output with input. For each 
frequency, the bit error rate is calculated by adding the bits in error of each correct 
symbol and then dividing this sum by total number of bits in all correctly decoded 
symbols. 

Figure 5.9 is of two experiments with volumetric water content 38 and 22% 
respectively. These experimental results verifies two theoretical capacity analysis 
findings and the strengthen the cognitive radio argument that to achieve capacity the 
transmitters receivers in underground channel should be able to work in wide range 
of spectrum: 

First, Fig. 5.9 shows that with increase in soil moisture (VWC 38%) optimal 
frequency is between 100 and 200 MHz and with decrease in soil moisture (VWC 
= 22%) optimal frequency is between 100 and 300 MHz. As the soil moisture 
increases, the optimal operation frequency shifts to the lower spectrum. It also 
verifies that optimal operation frequency is a monotonically decreasing function 
of soil moisture. 

Second, we can also see that for between 200 and 300 MHz, for a fixed frequency 
capacity decreases with increase in soil moisture. 

Third, for the lower spectrum, i.e., operation frequency less than 200 MHz, 
channel capacity does not change with increase in soil moisture for most of the 
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Frequency (MHz) 

Fig. 5.10 Capacity and BER plot—500k 


frequencies, whereas for some frequencies it is less than capacity of low soil 
moisture case. 

Analysis of these plots reveals that higher bandwidth suffers more attenuation in 
soil and hence results in higher error rates. In 500K experiments for all four depths, 
bit error rates are very high. For frequencies where symbols were decoded correctly, 
bit error rate is around 10“^ to 10“^ (shown by red dots on the graph), for rest of 
the frequencies where symbols were decoded in error it is shown as 10^. 

Second, increasing depth also increases error rate. For example, for 10 cm depth 
we decoded symbols in more wider span of frequencies as compared to 40 cm depth 
where we decoded symbols only in fewer frequencies range. For 10 cm depth fewer 
symbols were in error than 40 cm depth. Going deep from 10 cm to 40 cm also 
decreases correctly received bits at higher frequencies. 

Here in frequency range of 150-190 MHz error rate is less than 10“^. Frequency 
range of symbols decoded with less errors is aligned with antenna return loss 120- 
230 MHz and 490-540 MHz. This underscores the importance of lower bandwidths 
and wideband planer antennas in wireless underground sensor networks. 

Figure 5.10 shows the capacity for 500k rate experiments. It shows that capacity 
for the range of 200-300 MHz is less than 200k case this is because low BER 
threshold was used to analyze 500k experiment. It also shows that rate for 140- 
160 MHz is higher in 500k experiment as compared to 200k case. 

Figures 5.11 and 5.12 show the rate for two 250k rate experiments for VWC 
value of 38%. This matches with the results of 200k experiments. 
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Fig. 5.11 Capacity and BER plot—250k 


5.7 Open Research Issues 

The BER analysis investigations confirm that lower frequencies are more suitable 
for wireless underground sensor networks (WUSNs) communication, as higher 
frequencies exhibit more error rate as compared to lower spectrum. Our BER results 
also underground channel capacity may be limited up to few hundred kilobits per 
second. Our BER results also show that the underground channel capacity may be 
limited up to few hundred kilobits per second. 

Eor future work, we plan to conduct more experiments to continue validating 
theoretical model with channel sounding and multipath experiments. We also 
plan to use lower rate and bandwidth to ascertain channel capacity [31, 38]. 
Our findings also show that antenna return loss also affects underground channel 
communications. We plan to conduct these experiments with planer antennas. We 
also plan to characterize the effects of soil moisture, soil properties, and antennas 
by developing a highly robust, flexible, and configurable testbed in which these 
parameters, i.e., soil layers, soil moisture, etc., can be controlled efficiently and 
expediently [37, 39]. 
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Fig. 5.12 Capacity and BER plot for 250k bandwidth 
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Chapter 6 

Signals in the Soil: Underground 
Antennas 


© 

Check for 
updates 


6.1 Introduction 

Antenna is a major design component of Internet of Underground Things (lOUT) 
communication system. This chapter focuses on developing a theoretical model 
for understanding the impact of soil on antenna by conducting experiments in 
different soil types (silty clay loam, sandy, and silt loam soil) and indoor testbed. 
Figure 6.1 shows the organizational structure of the chapter. The purpose of the 
model is to predict UG antenna resonance for designing efficient communication 
system for lOUT. Based on the model a wideband planar antenna is designed 
considering soil dispersion and soil-air interface reflection effect which improves 
the communication range five times from the antennas designed only for the 
wavelength change in soil [62, 71]. 

lOUT is being used for implementing many applications [1, 2,16,44, 58, 60, 69]. 
In all these applications, major challenge is to establish a reliable communication. 
To that end, an underground-specific antenna design challenge is necessary to 
address. Three major factors that can impact the performance of a buried antenna 
are: (1) effect of high soil permittivity changes the wavelength of EM waves, (2) 
variations in soil moisture with time affecting the permittivity of the soil, and (3) 
difference in how EM waves propagate during aboveground (AG) and underground 
(UG) communications. 

For the third challenge above, it to be noted that lateral waves [26] are dominant 
component in EM [8, 47, 54, 58] during UG2UG communication and suffers lowest 
attenuation as compared to other, direct and reflected, components. Therefore, 
antennas used for over-the-air (OTA) communication will not be suitable for UG 
communication because of impedance mismatch. The chapter also focuses on 
developing an impedance model to study the effect of changing wavelength in 
underground communication. Furthermore, it is discussed how soil-air interface and 
soil properties effect the return loss of dipole antenna. 
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Simulations and 
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Fig. 6.1 Organization of the chapter 


The use of antenna, in lOUT, differs from traditional communication in that it is 
buried in the soil. There has been lot of work being done to study electromagnetic 
wave propagation in subsurface stratified media [4-6, 15, 20, 28,49, 65, 67, 72, 73]. 
These studies use fields of horizontal infinitesimal dipole of unit electric moment 
whereas, in practical applications, a finite size antenna is required. This section 
briefly sheds the light on work already done in the field. 

In [28], authors calculate the depth attenuation and ground wave attenuation 
factor using two vector potentials for UG dipole without considering the impact 
of soil-air interface on current reflection. Currently, soil permittivity is calculated 
using soil dielectric model [3, 29, 51] which gives actual wavelength at a given 
frequency for elliptical planar antenna design in [48, 69]. The size of antenna in [69] 
is determined by wavelength comparison using the same frequency in air and soil. 
However, it does not provide the required impedance match. In [39, 50, 74], authors 
performed experiments for Impulse Radio Ultra-Wide Band (IR-UWB) lOUT 
without considering the impact of soil-air interface. In [9], circularly polarized 
patch antenna is analyzed without considering the interface effect. In another study 
[24, 40], communication between buried antennas is analyzed; however, the impact 
of orientation is not considered. Similarly, [18, 50] analyzes the performance of four 
buried antennas in refractory concrete without considering the concrete-air effect. 

To the best of our knowledge, there is no study which considers the impact of 
soil properties while designing the underground antennas. Therefore, rest of the 
discussion in this chapter is focused on developing a resonant frequency model 
which is capable of predicting the resonance at different soil moisture levels, soil 
types, and depths. This information is useful in determining the transmission loss 
that may occur due to antenna mismatch in lOUT communications. The main focus 
of the model is to predict resonance, hence, impedance matching is ignored. 
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6.2 Resonant Frequency Prediction Model 
6.2.1 Terminal Impedance and Soil Properties 


Antenna Impedance is defined as a ratio of voltage and current at the input 
terminal of antenna. Complex power that is being radiated from the antenna can 
be calculated as by integrating Poynting’s vector as given in [19, 47] as: 


Z 


a 



E X H.da, 


( 6 . 1 ) 


where I denotes the antenna current, da is perpendicular in the direction of surface 
of antenna, and E x H is energy per unit time. It can be assumed for perfectly 
conducting antenna that E(x, y, z) = 0, then impedance can be calculated as by 
integrating surface current density Jse and tangential electric field, and Eq. (6.1) 
becomes [19]: 


Za = ^ j j E ^ Jse-da, (6.2) 

By using the induced EMF method [17], Eq. (6.2) can be rewritten as: 

/ 

Za = -J^ , (6.3) 

-/ 

The electric field Ez is used for calculating the self-impedance of UG dipole 
antenna. Ez is produced by an assumed current distribution 1 ( 0 ) and current 
and electric field are integrated over the antenna surface. Homogeneous soil is 
considered for the measuring impedance and return loss of the antenna. Eor a buried 
dipole antenna, current appears in simple sinusoidal waveform given as: 

/o(0 = /mSinfc(/-|^|)], (6.4) 

where is the current amplitude, ks represents complex wave n umber of the soil, I 
is the half length of the antenna, and ks = is the wave number 

in soil. Ez is given as: 


Ez 


r 1 

J 4njco€s R 

-/ 


+k^y(od^, 


(6.5) 


By substituting the Ez in Eq. (6.5) and 1 ( 0 ) from Eq. (6.4) in Eq. (6.2) we get 
[23,51]: 
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( 6 . 6 ) 


where 


= -0.4787 + 7.3246^6^/ + 03963{^jf + 15.6131(;6^/)^ (6.7) 

= -0.4456 + \im%2fisl - ^.6793(pslf + 9.603\{fijf. (6.8) 

Ps is the real part of the wave number , J is the diameter of the dipole, and I is 
half of the length of the dipole. is expressed as 


fisl = —Re{v^} , 
-^0 


(6.9) 


where 6^ is the relative permittivity of soil and A.o is the wavelength in air. Since the 
€s is dependent on frequency, is not a linear function of //A.o. Therefore, when 
the medium is changed from soil to air, both, resonant frequency and impedance at 
the resonant frequency of the antenna, also change. 

Practical lOUT has motes deployed at 0.3-1 m [12, 44] and there is high 
impact of soil-air interface at these depths, hence, environment cannot be modeled. 
Next, the environment is modeled to study the impact on antenna return loss and 
impedance due to reflection of waves by soil-air interface. Upon excitement of 
antenna, a current distribution of /o(0 is generated and propagated wave is either 
reflected or refracted from soil-air interface. Er and ly are the reflected electric field 
and induced current, respectively, that reaches the antenna. 

Ir and Zy, resulting impedance are modeled due to field generated from imag¬ 
inary dipole in homogeneous soil. As current distribution (6.4), Ey field reflected 
due to the soil-air interface at the antenna is [17, 45]: 


^-iksn ^-iksri 


-^- 2 COS ksl 

n r 2 



( 6 . 10 ) 


Ey = -iSOIm 


X r, 


where 


r = [(2/;)2 + f2]l/2^ 

n = [(2hf + {^ 

r2 = [(2hf + {^+lfV^^, 


( 6 . 11 ) 


( 6 . 12 ) 


(6.13) 


h represents the burial depth of the antenna, and reflection coefficient at the soil-air 
interface T is measured as: 
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2 


2 


r = 


-1 = 



-1, 


(6.14) 


1 + ko/ks 


1 + 


and ko is the wave number in air. 


The antenna impedance is given as: Z“ = Za-^ and from this impedance values 
the return loss of the antenna is given as: 


RLdB — 201og^Q 



(6.15) 


RL 


The reflection coefficient T is given as: |r| = IO20 . Reflection coefficient is 
transformed to impedance by using: Standing wave ratio (SWR) is 

expressed as: SWR = 


6.2.2 Defining Resonant Frequency 

The frequency where the antenna’s input impedance is pure resistance is known as 
resonant frequency fr. i.e., 



(6.16) 


and where return loss is maximum such that: 


fr = max(RLj5). 


(6.17) 


A comparative performance analysis is done between this analytical model with 
resonant frequency of permittivity-based antenna by using: fr = /o/V^’ where /o 
represents an OTA resonant frequency, and 6^ is the permittivity of the soil. 


6.2.3 Bandwidth Expression 

It is very difficult to find a closed-form bandwidth formula for the UG antenna 
because of involvement of many soil and antenna factors; however, a resonant 
frequency-based bandwidth expression (BW) can be calculated as [13]: 


0 if -RLdB(f)>S, 


BW = j 2(/ - fm) if - RLdBif) < 5 and / < /„ 
2{fM-f) if - RLdB(f)< Sand f>fr, 


(6.18) 
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where fr is the resonant frequency, fm and /m are the lowest and highest frequency 
at which RLdsif) S There is no fixed value of 5; however, value of 10dB is 
generally used in the literature [7] . 


6.3 Simulations and Experiment Setup 

Following simulation setup was used to analyze the performance of underground 
dipole antenna: CST Microwave Studio Suite (MWS) [11], an indoor testbed 
without changing the soil parameters. Simulations are conducted with antenna 
buried 20 cm inside the soil, and distances of 5-12 m from the first antenna. The 
results from this testbed were compared with outdoor testbed with dipole antenna in 
silty clay loam soil. Vector Network Analyzer (VNA) is used for measuring antenna 
5*11 and channel responses to frequency. 


6.4 Model Validations 

6.4.1 Model, Simulation, and Empirical Results 

Figures 6.2b, a, and c compares theoretical, measure, and simulated return loss at 
20 cm of depth in silt loam, sandy, and silt clay soil type, respectively. It can be 
seen that all three results (measured, theoretical, and simulated) confirm each other 
with minor differences. For example, at resonant frequency, for silt loam soil, the 
measured and model return losses match whereas simulated return loss differs by 
7% and this difference drops to 1% for sandy soil. This 1-7% difference is caused 
because of the uncertainties in the soil simulation software. 

Figure 6.3 compares the resonant frequency and bandwidth from measured 
experiment and theoretical model for 20% VWC. The results are for sandy 
(Fig. 6.3a, b) and silt loam soil (Fig. 6.3c, d) at varying depths ranging from 10- 
40 cm. For sandy soil, both, measured resonant frequency and bandwidth, match 
the model value with minor difference of 0.01-1.93% in resonant frequency and 
2.77-4 MHz in bandwidth. For silt loam soil, both, measured resonant frequency 
and bandwidth, matching trend between both models is same with minor difference 
of 1.01-3.53% in resonant frequency and 1-8 MHz in bandwidth. These differences 
between the models are because of change in return loss and resonant frequency 
at some particular depth which leads to difference in bandwidth. However, these 
variations do not effect the UG communication as antenna bandwidth is higher than 
these variations [46, 54, 68]. 

Other reasons for differences in model could be: (1) abrupt phase changes of 
waves while transition from one depth to other and due to soil-air interface impact, 
and (2) theoretical model do not consider the EM waves propagation effect in 
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Fig. 6.2 Comparative analysis of return loss estimated from simulated, theoretical, measured 
experiments in [62]: (a)sandy soil, (b) Silt loam soil, (c) Silty clay loam soil 


coaxial cable connected to antenna. Overall the resonant frequency matched with 
the model matched each other and comparing measurements with theoretical model 
makes it a powerful tool to analyze the underground antenna. 


6.4.2 Analysis of Impact of Operation Frequency 

Figure 6.5 plots the resonant frequency and return loss for 5-40% soil moisture 
level. The results are for sandy (Fig. 6.5a, b) and silt loam soil (Fig. 6.5c, d). 
Resonant frequency decreases 62% (from 369-137 MHz) for silt loam soil, and 
decreases 59% (from 357-146 MHz) for sandy soil [32, 34]. 

Resonant frequency, of a dipole antenna, in soil and OTA is represented by frs 
and fro, respectively. Figure 6.4 compares the ratio ^ and antenna permittivity 433 
and 915 MHz. The results are for sandy (Fig. 6.4b, d) and silt loam soil (Fig. 6.4a, 
c) at varying depths ranging from 10-40 cm. At different depths, change in resonant 
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Fig. 6.3 Comparative analysis of theoretical and measured experiments at different depths for 
[62]: (a) Resonant frequency (sandy), (b) Bandwidth (sandy), (c) Resonant frequency (silt loam), 
and (d) Bandwidth (silt loam soil) 


frequency difference is different, and ratio is also varying as compared to the OTA 
[42] (Fig. 6.5). 

The difference is clear in Fig. 6.6 where difference in resonant frequency 8 
of theoretical model and antenna based on soil permittivity only, 8, is shown 
with varying soil moisture levels at 433 and 915 MHz. The results are for sandy 
(Fig. 6.6b, d) and silt loam soil (Fig. 6.6a, c) at varying depths ranging from 10- 
40 cm. It can be seen that 8 is inversely proportional to soil moisture level. For 
example, 8 increase by 10-15 MHz when frequency goes from 433-915 MHz which 
proves that only permittivity-based lOUT system suffers performance degradation 
and highlights the importance of considering impact of soil-air interface. Hence, 
consideration of burial depth is important for efficient lOUT communication system 
[41,50] (Fig. 6.7). 
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(b) 




VWC (%) VWC (%) 

(c) (d) 


Fig. 6.4 Effect of VWC on ratio of resonant frequency in soil and OTA in [62]: (a) Silty Clay 
Loam Soil at 433 MHz, (b) Sandy soil at 433 MHz, (c) Silty Clay Loam Soil at 915 MHz, and (d) 
Sandy Soil at 915 MHz 


6.5 Underground Wideband Antenna Design 

To compensate for the shift of resonant frequency of UG dipole antenna, wideband 
antennas of different sizes and 433 MHz frequency are designed and fabricated for 
testing. 

1. Radiation Pattern in UG Communications: The radiation pattern of the antenna 
is an added advantage for using this antenna. Out of three paths [26, 38] (direct 
wave, reflected wave, and lateral wave) in UG communication, lateral wave is 
the most dominant in far-fleld [12, 49, 52, 66]. Therefore, radiation pattern must 
have maximum lateral wave component. [26, 43, 66] shows that lateral wave only 
occurs when incident angle is at critical angle Oc. 9c changes with the varying soil 
moisture and is less than 15° in all soil moisture settings. The radiation pattern is 
unidirectional towards soil-air interface, thus, desirable radiation pattern can be 
achieved if antennas are placed parallel to soil-air interference. 

2. The Return Loss: Figs. 6.8 and 6.9 shows the return loss and bandwidth at 
varying depths (0.13, 0.3, and 0.4 m) for three different soil moisture values (10, 
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Fig. 6.5 Theoretical results [62]: (a) Return loss in sandy soil, (b) Resonant frequency in sandy 
soil, (c) Return loss in silt loam soil, and (d) Resonant frequency in silt loam soil 


30, and 40%). The resonant frequency varies in all these scenarios, however, 
return loss remains below lOdB for all depths and moisture levels [35]. 

3. Communication Results: The designed planar antenna is compared with 25 mm 
wideband antenna and elliptical antenna in testbed to evaluate the performance 
for underground-aboveground communications. Two motes are used for UG 
and AG with planar and Yagi antenna, respectively, to accomplish UG2AG 
and AG2UG channel communication [37]. Figure 6.10 plots the received signal 
strength (RSS) with changing distance. It shows that although the communication 
range of 200m is achieved but practical multi-hop connectivity is still limited 
in underground communication. For UG2AG channel, the designed antenna 
increases the communication range by 587.5% as compared to elliptical antenna 
(from 8 to 55 m) and 223.5% as compared to circular antenna (from 17 to 55 m). 
For UG2AG channel, the designed antenna increases the communication range 
by 587.5% as compared to elliptical antenna (from 8 to 55 m) and 266.7% as 
compared to circular antenna (from 15 to 55 m) [36]. These results show that 
designing an antenna specific for UG environment is critical for lOUT system. 
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Fig. 6.6 A v/s VWC [62]: (a) Silty clay loam soil at 433 MHz. (b) Sandy soil at 433 MHz. (c) 
Silty clay loam soil at 915 MHz, and (d) Sandy soil at 915 MHz 


6.6 Underground Antenna in Soil Horizons 

Precision agriculture is the practice of accurately capturing the changing parameters 
of the soil including water infiltration and retention, nutrients supply, acidity, 
and other time changing phenomena by using the modern technologies. Using 
precision agriculture, fields can be irrigated more efficiently hence conserving 
water resources and increasing productivity. Wireless underground sensor networks 
(WUSN) are being used to monitor the soil for smart irrigation. Communication 
in wireless underground sensor networks is affected by soil characteristics such 
as soil texture, volumetric water content (VWC), and bulk density. These soil 
characteristics vary with soil type and soil horizons within the soil. In this section 
we have investigated the effects of these characteristics by considering Holdrege soil 
series and homogeneous soil. It is shown that consideration of soil characteristics 
of different soil horizons leads to (5-6 dB) improved communication in wireless 
underground sensor networks [33, 61]. 

Horizons are layers of soil which are formed by four soil processes and have 
unique chemical, physical, and visible characteristics. These soil processes are 
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Fig. 6.7 UG wideband 
planar antenna [62] 



I 



(a) 



(b) 


Fig. 6.8 Return loss using wideband planar antenna [62] : (a) Depths, and (b) Volumetric water 
content 


additions, losses, transformations, and translocation. There are five horizons: O, A, 
E, B, and C. In soil, these horizons can form in any order. Some soils do not contain 
all horizons and in some soils multiple horizons can repeat. Horizons A, B are of 
most interest because of their high impact on plant growth. 

In wireless underground sensor networks sensor nodes are buried in soil. Estab¬ 
lishment of wireless communication links is important for data communication. 
Each of the soil horizon have unique soil texture, bulk density and water holding 
capability. Also depth and width of each horizon differ in different type of 
soils. These factors have a significant infiuence on the performance of a buried 
antenna and communication. In [59], impact of these soil factors on underground 
communication is analyzed and given as follows: 
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Frequency (GHz) 

(b) 


Fig. 6.9 Bandwidth of wideband planar antenna (100 mm) at (a) varying Depths and (b) varying 
soil moisture [62] 



Fig. 6.10 Path loss with varying distance for different communication links [62] 


Soil Moisture Soil moisture changes with time due to climate and irrigation, which 
influences the soil permittivity. 

Soil permittivity Electromagnetic waves propagation in soil exhibit different char¬ 
acteristics in soil due to higher permittivity of soil. 

Soil-Air Interface Impedance of underground antenna is changed because of cur¬ 
rent disturbance at antenna due to reflection from soil-air interface [30, 64, 69]. 
In this section, by using our model for underground to underground (UG2UG) 
communications [53], we have analyzed the performance of wireless underground 
channel by using Holdrege soil profile [10] and homogeneous soil. Moreover, 
we provide analytical results for path loss for three different scenarios including 
same soil moisture level across all horizons, water infiltration and water retention 


scenario. 
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Fig. 6.11 Holdredge soil profile 


Based on the analysis it is shown that antennas buried into soil horizons by 
taking soil characteristics into account experience less path loss as compared to 
antenna buried in homogeneous soil and path loss is decreased from 5-6 dB. It is 
also shown that path loss varies with soil moisture and increase in soil moisture also 
increases the path loss for all type of soils. It is also evident that in underground 
wireless sensor networks path loss increases with frequency therefore low operation 
frequencies are suitable for wireless underground communication (Fig. 6.11). 
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Table 6.1 Holdrege soil—physical characteristics 


Horizon 

Depth in inches 

Sand 

Slit 

Clay 

Textual class 

Ap 

0-7 

16.6 

61.4 

22.0 

Silt loam 

A 

7-13 

12.0 

58.4 

29.6 

Silt clay loam 

Btl 

13-16 

13.3 

55.3 

31.4 

Silt clay loam 

Bt2 

16-24 

11.2 

58.9 

29.9 

Silt clay loam 


To get a wavelength in soil at a given frequency, soil permittivity is calculated 
using the dielectric model [3, 29, 56, 60]. This wavelength calculated by the dielec¬ 
tric gives insight into design of antenna [37, 69]. For underground communications 
antennas are buried in different depths in soil. Theoretical analysis EM field of 
antennas in infinite dissipative medium is presented in [25, 31, 39, 63]. Return loss 
of the antenna is not considered in this analysis. Measurements of dipole antenna 
in solution are presented in [22]. Because of the difference in permittivity of soil 
and permittivity solution this work is not applicable to wireless underground sensor 
networks. Current disturbance at antenna due to reflection from soil-air interface is 
mentioned in [21] but its impact is not analyzed. In [62] we have analyzed these 
impacts on underground antenna using homogeneous soil. We have also developed a 
three-wave channel model for wireless underground communications in [12, 14, 34]. 


6.6.1 Holdrege Soil Characteristics 

We have used Holdrege soil and homogeneous soil for our analysis. Table 6.1 shows 
physical properties of Holdrege soil. 

We have selected Holdrege series because it is one of the well-drained, highly 
productive, and most fertile soil in the Nebraska, United States. It is also official 
state soil of Nebraska and almost all the soil is under cultivation. As per United 
States Department of Agriculture [10]: 

Prairie environment has contributed to formation of horizontal layers in profile 
of Holdrege series. Clay and lime particles have moved downward in profile due to 
drainage of water inside the profile. Due to interaction of these processes there is 
thick, dark color topsoil, a clay enriched subsoil, and a substratum containing free 
lime. Holdrege soil is very well irrigated and is an extensively cultivated soil. Corn 
and soy are the main crops. 


6.6.2 Numerical Analysis 

We have considered three cases for analytical evaluation. In first case we have 
compared the two soils under the same soil moisture case for all soil horizons and 
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depths. In second case we analyze the water infiltration scenario in which topsoil 
horizons have more water content than the subsoil horizons. Third case compares 
the water retention scenario in which subsoil is more saturated as compared to the 
topsoil. We have used frequency range of 300-800. Transmitted power is 15 dBm. 
Return Loss of the antenna used in the evaluation is shown in Fig. 6.12. Antennas 
are buried at four depths. Four antenna burial depth corresponds to four different 
horizons (Ap, A, Btl, Bt2) of Holdrege soil as shown in Table 6.1. For homogeneous 
soil these are 10, 20, 30, and 40 cm. Horizontal distance between transmitter receiver 
is 50 cm. Bulk density is 1.5 g/cm^ and particle density is 2.66 g/cm^ (Fig. 6.12). 


6.63 Same Soil Moisture Scenario 

Figure 6.13 shows the path loss for two soil types for Volumetric Water Content 
(VWC) of value of 10%. For all depths and across all frequency range Path loss for 
homogeneous soil is 5-6 dB higher than as compared to Holdrege soil. Moreover 
between 550 and 650 MHz range path loss is low because of the low return loss of 
the antenna. It is also clear that path loss increases with frequency. 

Figure 6.14 shows the path loss for two soil types for Volumetric Water Content 
(VWC) of value of 20%. For all depths and across all frequency range Path loss for 
homogeneous soil is 5-6 dB higher than as compared to Holdrege soil. Due to 10% 
increase in water content there is an increase of 8 dB for all horizons. 

Figures 6.15 and 6.16 shows the path loss for two soil types for Volumetric Water 
Content (VWC) of value of 30 and 40%. For both soil moisture levels, for all depths 
and across all frequency range path loss for homogeneous soil is 5-6 dB increased 
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Fig. 6.13 Path loss vs. frequency—VWC 10% 



Fig. 6.14 Path loss vs. frequency—VWC 20% 


as compared to Holdrege soil. Path loss for 30 and 40% is considerably higher than 
dry than the 10%. 
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Fig. 6.15 Path loss vs. frequency—VWC 30% 



Fig. 6.16 Path loss vs. frequency—VWC 40% 


6.6.4 Water Infiltration Scenario 

In this case we consider the scenario in which higher horizons have more water 
content as compared to lower soil horizons. Figure 6.17 shows the path loss when 
Ap horizon have 40% VWC, A horizon have 30% VWC, Btl have 20% VWC, and 
Bt2 have 10% VWC. It is evident that communication performance is best at Bt2 
horizon because of low water content. 
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Fig. 6.17 Path loss vs. frequency—water infiltration scenario % 



Fig. 6.18 Path loss vs. frequency—drainage scenario% 


6.6.5 Water Retention Scenario 

In this case we consider the scenario in which lower horizons have more water 
content as compared to higher soil horizons. Figure 6.18 shows the path loss when 
Ap horizon have 10% VWC, A horizon have 20% VWC, Btl have 30% VWC and 
Bt2 have 40% VWC. Antenna buried at the A horizon experiences lower path loss 
because of low attenuation due to lower VWC. 

In this section, the impacts of soil texture, soil moisture on burial depth of antenna 
in different soil horizons, and on path loss are analyzed for underground wireless 
communications in Holdrege soil and homogeneous soil. It is shown that antennas 
buried into soil horizons by taking soil characteristics into account experience less 
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path loss as compared to antenna buried in homogeneous soil. It is also shown that 
path loss varies with soil moisture and increase in soil moisture also increases the 
path loss for all type of soils. It is also evident that in underground wireless sensor 
networks path loss increases with frequency therefore low operation frequencies are 
suitable for wireless underground communication. 


6.7 Path Loss Variations with Planar and Dipole Antennas 

The digital agriculture [45, 55, 60, 63, 70] is the area in which technology is used to 
effectively manage agriculture by understanding the temporal and spatial changes in 
soil, crop, production, and management through innovative techniques. The analysis 
of the communication path loss is vital for an efficient communication system 
design in sensor-guided irrigation management system. To investigate propagation 
loss variations, the path loss experiments are conducted in sandy soil testbed, and 
greenhouse outdoor silty clay loam testbed using a wideband planar antenna [57,62] 
and dipole antennas. 


6.7.1 Experiment Setup 

In a sandy soil testbed [59, 62], two planar antennas are buried at 20 cm depth at a 
distance of 1 m. The return loss and path loss measurements are taken. To analyze 
the effects of a planar in the middle of two planar, obstructing the communications, 
another planar antenna is buried in the middle at 50 cm distance and same depth 
(20 cm). Accordingly, the path loss and return loss measurements are taken again 
for 50 cm distance and 1 m distance [27, 55]. 

In the greenhouse, another testbed of planar antennas is commissioned in 
silty clay loam soil. To compare the results of the experiment with sandy soil 
testbed, same empirical parameters are used. First, the path loss and return loss 
measurements are taken for planar buried at 1 m distance at 20 cm depth. Afterward, 
another planar is installed at 50 cm distance and 20 cm depth, and return loss and 
path loss measurements are taken, again, first for 1 m distance and then for 50 cm 
distance [70, 71]. 

To compare the results of planar antennas with dipole antenna, a testbed of 
dipole antennas is developed outside of the greenhouse in silty clay loam soil. In 
this testbed, three dipole antennas are buried in soil at 50 cm distance each and 
burial depth is 20 cm. The physical properties of sandy soil and silty clay loam soil 
are shown in Table 6.2. The results of this empirical campaign are presented in 
Sect. 6.7.2. The return loss of dipole and planar antennas is shown in Fig. 6.19. The 
comparison of dipole and planar return loss in same soil is given in Fig. 6.20. 
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Table 6.2 Soil used in 
testbeds—^physical 
characteristics 


Textural class 

Sand% 

Silt% 

Clay% 

Silty clay loam 

13 

55 

32 

Sandy soil 

86 

11 

3 

Silt loam 

33 

51 

16 
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Fig. 6.19 Return loss: (a) sandy soil with dipole antenna, (b) sandy soil with planar antenna, (c) 
silty clay with dipole antenna, (d) silty clay with loam planar antenna 


6.7.2 Results 

The planar antenna path loss at 50 and 100 cm in sandy soil and silty clay loam 
testbed is shown in Fig. 6.21a, b, respectively. In sandy soil, there is 14 dB difference 
in path loss when communication distance is increased from 50 to 100 cm. Similarly, 
in silty clay loam soil, at frequencies higher than 500 MHz path loss is increased 
from 19 dB [32, 53]. 

In Fig. 6.20c, the path loss comparison of dipole and planar antenna is shown 
in sandy soil testbed at 50 cm. The variations in path loss with change in frequency, 
present in the case of dipole antenna, are not observed when measurements are taken 
using planar antenna. Similarly in Fig. 6.20d, the path loss comparison of dipole and 
planar antenna is shown in silty clay loam testbed at 50 cm. As observed in sandy 
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Fig. 6.20 Return loss comparison: (a) Dipole antennas only, (b) Planar antennas only, (c) using 
dipole and planar antenna in sandy soil, (d) Using dipole and planar antenna in silty clay loam soil 
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Fig. 6.21 Path loss comparison: (a) Planar antenna in sandy soil, (b) Planar antenna in silty clay 
loam 


soil, the variations in path loss with frequency present in dipole antenna are not 
observed when using planar antenna [52, 54]. 
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Fig. 6.22 (a) Planar antenna in sandy soil, (b) Planar antenna in silty clay loam, (c) Dipole and 
planar antenna in sandy soil, (d) Dipole and planar antenna in silty clay loam soil 


The change in path loss when a planar is buried between planar antennas is 
shown in Fig. 6.22a for sandy soil and in Fig. 6.22b for silty clay loam. In sandy 
soil, difference of 8 dB is observed at frequencies less than 400 MHz, and in silty 
clay loam overall there is difference except 4-5 dB difference at 300 and 800 MHz 
[36, 38]. 

The path loss difference using same antenna at 50 and 100 cm distance in 
different soils is presented in Fig. 6.22c, d, respectively. A 28 dB lower path loss 
is observed in sandy soil when compared to silty clay loam both at 50 and 100 cm 
distance. This happens because the sandy soil holds less bounded water which is the 
major component in soil that absorbs electromagnetic waves [36]. A propagation 
path loss analysis has been presented using dipole and planar antennas in the 
sandy and silty clay loam. In the sandy soil, better radio wave propagation is 
observed. The results show that the planar antenna is more efficient for subsurface 
communications. The analysis is useful to determined inter-node distance in sensor- 
guided irrigation system. 
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7.1 Introduction 

Underground (UG) communication is highly affected by the soil properties 157]. 
Limited communication range (8-12 m) due to high soil attenuation still remains the 
biggest challenge even after the developments in wireless communication 11, 52,54- 
58, 73]. Therefore, an adaptive UG communication system, with integrated sensing 
and communication system, is needed which dynamically changes the communi¬ 
cation parameters with change in environment. It is required to change the antenna 
parameters (operation frequency and bandwidth) for changing soil moisture 19] . The 
contribution of lateral waves is enhanced by directing the energy at a particular 
angle. The angle is determined by the nearby environment in which the UG antenna 
is buried 157]. Therefore, using the antenna without an ability to direct its beam 
direction causes the system performance to degrade; hence, a soil moisture adaptive 
beamforming technique is required for high throughput and gain. 

It is shown in 157] that lateral waves are the dominant component of the signal in 
UG communication 11, 2, 64]. The lateral waves have the ability to carry the most 
energy and achieve high communication range, if antennas are aligned at a particular 
angle. The angle varies the variation in soil moisture, soil texture, and bulk density. 
On the other hand, the antenna also needs to be vertically aligned to prevent the 
refraction at the soil-air interface. 

There are many factors which can affect the beamforming of antenna arrays. 
Some of the factors include: distance of antenna elements from soil-air interface, 
delay in speed beams causes refractive indices to change, soil moisture causing 
resonant frequency to change which in turn changes the bandwidth return loss and 
reflection coefficient. The beamforming of UG2UG and UG2AG differs such that 
the former requires lateral waves to travel along soil-air interface and the latter is 
focused on broadside. Due to different nature of propagation in both links, different 
angles are used for the links. Therefore, phase is adjusted at UG antenna elements 
for coherent addition to avoid errors in beam pointing direction. SMABF achieves 
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Fig. 7.1 Organization of the chapter 


high performance by aligning the signal envelopes. It is important to understand 
the propagation in wireless UG communication to develop a reliable beamforming 
architecture and advanced mechanism is needed to extend the communication range. 
Therefore, optimum beamforming technique requires to determine the accurate 
physical characteristics of wireless UG channel propagation. Soil moisture adaptive 
beamforming (SMABF) uses an underground antenna array for communication 
through the soil. As per receiver position, the EM waves either go completely 
or partially through the soil. In partial case, some of it propagates through air. 
A beamforming method is developed using the optimal angle. An optimization 
algorithm is proposed which works on the feedback given by the soil moisture 
sensors (Fig. 7.1). 

SAMBF is applied in various applications such as: ground penetrating radars 
(GPR), locating lEDs, aircraft communication from the runway, precision agricul¬ 
ture, hazardous object search, geology, and wireless underground sensor networks 
(WUSNs). Specifically, WUSNs use both electromagnetic (EM) [70] and magnetic 
induction-based propagation [67] and are being applied in landslide monitoring and 
pipeline monitoring [65], precision agriculture [1, 6, 10, 16, 26, 63, 69], border 
monitoring [2, 16, 63, 66]. 

A special beamforming antenna has been introduced and being used in wireless 
to achieve reduced interference and increased capacity. There has been effort in the 
literature for exploring OTA channel beamforming techniques [3-5, 11, 23, 24, 27, 
28, 74] and Ml-power transfer [21]. However, there have been no efforts made to 
realize the beamforming in UG communications. Lateral component [19] in UG 
communication can be improved further, via beamforming, to achieve long-range 
communication. 


7.2 Channel Model for SMABF 

It is important to completely understand the wave behavior in soil while designing 
the UG communication system. A UG channel model is given in [57] which 
identifies three major components, namely: direct waves, lateral waves, and reflected 
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Fig. 7.2 (a) Power delay profile (PDP) [54], (b) Path loss in UG2UG channel [54] 


components at the receiver. It can be seen in the power delay profile (Fig. 7.2a) that 
lateral wave is the strongest component as it travels most of the time through soil 
interface. 

These factors contribute to the failure of using impedance matched antenna 
used for OTA to be used in soil motivating for developing new designs. More¬ 
over, isotropic signal radiation will result in resource wastage because of buried 
deployment. Therefore, SMABF forms a focused narrow beam for communication 
between UG and AG devices to extend the communication range. 

As given in [57], a UG channel can be given as sum of all wave components as 
follows: 


L-l D-l R-l 

hugit) = X! + X! + X 

1=0 d=0 r=0 


where subscripts L, D, and R refer to lateral, direct, and reflected components, a is 
the complex gain, and r is the delays of each corresponding component. 


7.2.1 Unique Features of UG Channel 

Underground medium is considered unique and different from other medium 
because of combined interaction between soil, antennas, and channel. In soil 
wavelength of a signal is relatively lower than air because of relatively higher 
permittivity than air. Hence, for less attenuation, lower frequencies are used with 
small antenna in UG communication. This is beneficial because it permits the use of 
reasonably sized underground antenna array. Furthermore, in Fig. 7.2a, decreasing 
the delay spread can result in long-range communication with high data rates. 
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(a) (b) 



(c) 


Fig. 7.3 (a) Wavelength as a function of soil moisture [54], (b) Array directivity as a function of 
soil moisture [54], (c) Antenna directivity for soybean field during growing season 


UG communicationsuffers from (1) short-range of communication and (2) low 
data rate. Short range is due to the signal suffering from high attenuation in the 
soil as shown in Fig. 7.2b. In Fig. 7.2b, it is shown that path loss increases (30 dB 
increase) with increase in distance from 2 to 12 m. Moreover, in [9], a low data 
rate is observed in UG communication with commodity motes. These limitations 
are dealt by using SMABF. 


7 . 2.2 Underground Beamforming: Research Challenges 

This section lists the challenges observed in underground beamforming. 


7.2.2.1 Analyzing the Effect of Soil Moisture on Signal Wavelength 

Wavelength of a signal propagating in the soil is given as: 
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where ks gives the wavenumber in soil. 

Figure 7.3a plots the wavelength with soil moisture. It can be seen that, at 
300 MHz, wavelength decreases from 21 to 17 cm for a soil moisture decrease 
of 20 to 40%. Similarly, at 400 MHz, it decreases from 17 to 14 cm. Therefore, it 
is important to maintain the inter-element distance in such a way that wavelength 
change can be accommodated for sudden changes of soil moisture without affecting 
the beam pattern. 


7 . 2 . 2.2 Analyzing the Effect of Soil Moisture on Directivity 

Directivity is calculated by using the equation in [17]: 



where N denotes the number of elements, d inter-element distance, and Xs gives the 
wavelength in soil. 

Figure 7.3b plots the directivity with soil moisture. This graph is for the inter¬ 
element distance of half-wavelength ko/2 antenna element. Similarly, Fig. 7.3c 
shows the measurement of directivity using 4-antenna element for 15 weeks of soil 
moisture data. The data was collected in 2015 from soybean field during summer. 
The figures show that directivity changes dynamically with the change in soil 
moisture. This effect requires mitigation through SMABF. 

The antenna beam can be steered using the phased arrays that too without 
having any physical movement [13, 15, 18]. In UG communication, wavelength 
is continuously changing and needs an accurate phase control. Therefore, smart 
antenna with phase shifters suits the UG communication application. Wideband 
antenna arrays may face space and hardware issues while deployment in under¬ 
ground communication. Limited closed-form antenna models for UG environment 
make it difficult to understand the UG beamforming. In the upcoming sections, the 
soil effects on UG beamforming are studied to design an efficient SMABF technique 
with an aim to maximize the communication range and data rate. 


7.2.3 Analysis of Single Array Element in Soil 

Firstly, an empirical comparative analysis of a single soil antenna element with that 
of OTA antenna element is done in testbed shown in Fig. 7.4. This testbed deploys 
antenna using different depth and distance values and analyzes the effect of soil-air 
interface and impedance of antenna element (Table 7.1). 


222 


7 Underground Phased Arrays and Beamforming Applications 





Cable 




10 Cm 


£-1 
10 Cm 

2^m 

p \ 

cm- 

20 Cm 

CD 

3D Cm 


30 Cm 

czn 


crzr 

40 Cm 


40 Cm 


Fig. 7.4 Layout of the indoor testbed [57] 


Table 7.1 Performance of 433 MHz OTA dipole antenna in soil 

Property 

Soil 

Resonant frequency 

Increases with the increase in soil moisture 


Increases with the increase in burial depth 

Wavelength 

Decreases with the increase in soil moisture 

Return loss 

Decreases with the increase in soil moisture 


7.2.3.1 In-Soil v/s OTA Array Element 

This section presents the comparison of UG dipole antenna element with antenna 
element in free space. The frequency is varied from 100 to 500 MHz. It can be seen 
that resonant frequency decreases because of shorter wavelength in the soil. The 
resonant frequency is 202, 209, and 278 MHz in silt loam soil, silty clay loam, and 
sandy soil, respectively. It is interesting to note that resonant frequency of sandy soil 
is higher than that of silt loam soil due to lower water holding capacity [7] . 


1 . 23.2 Effect of Soil Moisture on Individual Antenna Element Return 
Loss 5ii 

Figure 7.5a plots the return loss with frequency for varying soil moisture value from 
0 to 255 CB. The experiment is performed using depth of 10 cm in silt loam soil. It 
can be seen that decrease in soil moisture causes the resonant frequency to increase 
from 278 to 305 MHz. 

Figure 7.5b plots the resonant frequency with burial depth for varying soil 
moisture values from 0 to 255 CB. For a given depth value, the resonant frequency 
increases with change in soil moisture. For example, at the depths of 20 cm resonant 
frequency increases from what it is at 10 cm to 276 MHz when soil moisture changes 
from 0 to 255 CB. Similar trend is observed for all other depths where resonant 
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Fig. 7.5 (a) Effect of frequencies on return loss [54], (b) Effect of depth on resonant frequencies 
with varying soil moisture [54], (c) Effect of depth on reflection coefficient (dB) at different burial 
depths, (d) Effect of depth on bandwidth [54] 


frequency increases from the previous depth when soil moisture is varied from 0 to 
255 CB. 

Figure 7.5a-d analyzes the return loss of an antenna for different depths and 
soil moisture values. It is observed that return loss and resonant frequency are 
affected by the change in soil moisture values. Furthermore, in contrast to OTA 
communication, optimal frequency is also different from the antenna resonant 
frequency [9]. 


7.2.3.3 Antenna Element Impedance in Soil 

Input impedance of antenna element should be matched with output impedance 
of radio transceiver to achieve robust and efficient wireless communication. The 
matching is performed in such a way that maximum power is radiated and minimum 
power is transmitted back to the transmitter. In contrast to OTA medium, soil is not 
an infinite medium because of soil-air interface effect. Accordingly, return loss of 
an antenna RL is not just a spectrum shift but RL curve shape is also different. 























224 


7 Underground Phased Arrays and Beamforming Applications 


7.2.3.4 Soil-Air Interface Impacts 

On exciting the antenna, the current distribution of /o(0 is generated from the 
antenna and travels towards soil-air interface where it is reflected and refracted. 
The reflected electric field Er travels back to antenna where it induces an additional 
current ly and affects the impedance of antenna [71]. ly causes higher order of 
reflection effect; however, it can be ignored because of high attenuation in the soil, 
hence, only first-order effect is considered. Induced current ly and impedance due 
to this induced current Zy can be modeled considering an imaginary dipole placed 
in the soil environment. Similarly, Zy is modeled as the mutual impedance from 
two dipole antennas [25] and reflection coefficient of soil-air interface. The mutual 
impedance Zy along with self-impedance gives the total impedance of buried 
antenna in half-space [71]. 

Using the results from the analysis of individual antenna element, the design of 
multi-element SMABF array is presented in the upcoming sections. 


7.3 Design of SMABF Array 

The section will discuss the beamforming technique in the context of UG2UG and 
UG2AG communication. Basic concepts of beamforming are not discussed here 
and readers are encouraged to refer [14] for details on beamforming basic tutorial 
(Fig. 7.6). 


7.3.1 Array Layout and Element Positioning 

SMABF antenna array is expected to have the following characteristics: 
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Fig. 7.6 Communications schematic for [54]: (a) UG2AG communications (b) UG2UG commu¬ 
nications 
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Table 7.2 Steering angles 


Communication link 

0 

4> 

UG2AG—No steering 

0 ° 

0 ° 

UG2AG—Beam steering 

0°-60° 

0 ° 

UG2UG—Lateral wave 

VWC dependent see Sect. 7.3.3 

0 ° 

UG2UG—Direct wave —X orientation 

90° 

0 ° 

UG2UG—Direct wave —Y orientation 

90° 

90° 


1. Spacing between the antennas should consider the soil effect on the wavelength 
of the soil. It should be done in such a way that desired beam shape and directivity 
should not be lost because of soil effects. 

2. It should be able to work with a wide range of frequencies. 

3. Elements should be half-wavelength and support multiple inter-element spacing. 

4. High number of elements provide high directivity. However, to determine 
the number of array elements, one should also consider the UG deployment 
conditions. Therefore, the total number must be easy to deploy and maintain 
high directivity. 

5. Array patterns should support the steering angle. This applies to both UG2UG 
and UG2AG antenna arrays. 

6. It should be adaptive to changes in soil moisture. 

Multi-dimensional arrays structure, e.g., rectangular, planar, and circular has the 
advantage of providing simultaneous beams in more than one plane [13]. To fulfill 
the requirement of different array patterns, SMABF uses the planar array structure. 
The array lies on v-y plane and its z-plane points towards the soil-air interface. 
Elevation angle 0 is measured for AG node and azimuthal angle 0 is measured for 
the UG node. 0 is measured from normal to soil-air interface, whereas 0 measures 
steer beams to UG nodes. Table 7.2 lists the beam steering angles for UG2AG and 
UG2UG communication links. Planar antenna array is shown in Fig. 7.7. 

Planar antenna array has the advantage of providing customized and desired 
radiation pattern. This customization is useful for communicating with AG nodes. 
Moreover, antenna elements are divided into multiple array groups on the basis of 
source strength. In this way source strength can be adjusted to make the lateral wave 
component stronger depending upon the depth and attenuation in vertical direction 
[19, 20]. 

7.3.1.1 Underground Communication Links 

Figure 7.6 shows the communication schematic where UG nodes communicate with 
UG and AG nodes via UG2UG and UG2AG links, respectively. AG nodes can 
either be fixed or mobile. For AG communication, waves are reflected from soil- 
air interface and lateral waves are used in UG communication. The desired beam 
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Fig. 7.7 Placements of antenna array elements in a 5x5 planar grid [54] 

pattern is given in Fig. 7.6. It is seen that for UG2AG communication, the EM waves 
reflected and refracted from soil-air interface affect the pattern towards AG node. 


7.3.2 Beam Pattern for Underground-to-Aboveground 
(UG2AG) Communication 

The difference in UG2AG and AG2UG communication links requires to determine 
the energy from UG antenna at different receiver angles. To that end, experiments 
were conducted for varying angles to assess the UG to AG communication [57]. 
The burial depth of sender UG node is kept at 20 cm and multiple distances of AG 
node, from the soil surface, were used. AG node is mounted at adjustable pole and 
distances were varied by changing the height. The following distances were used 
for the experiment: 2, 4, 5.5, and 7 m. 

The following angles are used for the experiments: 0°, 30°, 45°, 60°, and 90°. 
Highest attenuation was observed at receiver angle 0° and lowest at 90°. The reason 
for the lowest attenuation is because of no refraction from soil-air interface at 
90°. At 90°, due to lowest wave refraction, the energy is directed towards soil-air 
interface, thus, gives high gains and throughput in UG communication. There can 
be three cases in UG communication which are discussed below: 

1. UG communication with No Steering For this case array factor for UG2AG 
pattern is given as follows [18]: 


N 



i = l 


ji sin0 sin0)]). 


(7.4) 
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where wi represents the weight of the antenna element, N denotes the total 
number of antenna elements, and Xi, yi gives the location coordinate of i-th 
element in the array. 

2. UG communication with Beam Steering The no steering pattern can be used to 
create a broadside beam without considering the AG nodes location. However, 
with exact knowledge of AG node location, values for 6ag and (I)ag, the beam 
can be steered by adding phase shifts 8i at i-th element. The element then can 
steer the beam to (Oag, (Pag) as follows: 


N 

AF(0,(p) = ( “ [ j^s^i (Ai sin 6 cos 0 + ji sin 6 sin0)] + 5/), 


i=i 


where 5/ can be calculated as: 


sin ^ag cos (Pag + yi sin ^ag sin0AG). 


3. Refraction Adjustment When beam steering is performed at angles different from 
the normal ones, refraction becomes significant and cannot be ignored. It occurs 
because of wave coupling with soil-air interface. This interface separates soil 
from air and difference in the properties of both medium causes refraction. 
Refraction not only deteriorates the UG beamforming performance but also 
causes the angle of arrival to change at AG nodes. Due to difference in the 
medium properties, refraction causes delay due to different speeds of the wave. 
This causes the spreading and decay of focused beam ultimately causing error in 
beam pointing direction and beam steering. This error due to refraction at soil-air 
interface is known as beam squint [18] resulting in signal dispersion. 

SMABF deals with this issue by suing time delay beam steering [18] which aligns 
the signal envelope. This reduces the effects due to soil-air interface. Time delays 
and refraction angle are used for setting the beam direction. For an AG node location 
{Oag, (Pag)^ time delay is given as: 


^Til ^12 • • • ^ 

^21 ^22 • • • ^ 2 ^ 


”^11111 — 


(7.5) 



where Tij is given as: 


Tij = sin Or [i X di cos (pr + 7 X dj sin(pr]/S, 


(7.6) 


where S denotes the speed of signal wave in soil, di is the element spacing in x 
direction, and dj in y direction. Or is estimated by Snell’s law as follows: 
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Or = arcsin ( ^ sin Oag ], (7.7) 

\0a J 

where r]a and r]s are the refractive index of air and soil, respectively. 

Tij, in Eq. (7.6), depends upon the burial depth and soil moisture. Higher 
refraction index decreases the speed of the wave, hence, increasing the delay as 
well. After estimating Zij and 5/, array factor is expressed as: 

AF{e,(j)) = Wi exp - ^jksn (x,- sin 9cos<t>+ (7.8) 

yi sin0 sin0) + 2jtf Yf-i '^ij + ^'])- 

7.3.3 UG2UG Communication Beam Pattern 

There can be two scenarios for the communication between underground devices, 
i.e., UG2UG communication. Both scenarios are given below: 

1. Estimation of Soil Moisture-Based Optimum Steering Angle to Maximize Lateral 
Wave As discussed earlier, lateral waves travel along soil-air interface [8, 57]. 
These lateral waves can be maximized by adjusting the antenna radiation angle. 
The angle is based on the dielectric properties of soil and can be calculated as 
[62]: 


OuG “ 2 ^ 


/2Re(n^ - l)^/^ 


rad. 


where n is the soil refractive index and calculated as: 


n = 




(7.9) 


(7.10) 


In the above equation, real and imaginary parts of soil permittivity are 
represented by e' and respectively. 

2. Direct Wave Direct waves are the relatively prominent and dominant component 
in short-range UG communication. Therefore, short-range UG communication is 
improved through direct UG beam going towards the receiver. 

The values for steering angle used in both cases are given in Table 7.2 and 
Eq. (7.5) is for direct and lateral case. 
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Algorithm 2 SMABF Beam Steering Algorithm 

Initialization : 

1: Let A be the set of AG nodes 
2: Let U be the set of the UG nodes 
3: Let R be the receiver node 

4: Sense the soil moisture level and determine the appropriate wavelength in soil 
5: Select the array layout based on wavelength 

6: Activate desired elements based on soil moisture and desired beam patterns 
7: Produce the initial weights to achieve the desired beam pattern 
8: Calculate the excitation and current distribution (root matching, pole-residue) 

9: BEGIN 

10: if R G A then then 
11: if Or is known then 

12: AF{0, 0) = Yl!i=\ i^i sin 0 cos 0 + yi sin 0 sin0)] -f 8i) 

13: else if 

then 

14: Normal to the surface beam using 

15: AF(0, 0) = YliLi “ [jksni^i sin0 cos0 -t- yt sinO sin0)]), 

16: end if 

17: else if R G U then 

18: BEGIN 

19: Sense soil moisture 

20: Determine optimal angle using 

2 , 

22: Output UG2UG Beam 

23: END 

24: end if 

25: Optimize to get low side lobe levels when wavelength changes 

26: Optimize element positions 

27: Activate virtual arrays 

28: Adjust weights and excitation 

29: Repeat this process to adjust these parameters when soil moisture changes 
30: END 


7.3.4 Directivity 


Directivity of a SMABF array is calculated as: 

_ 47r|AFinaxP 

fo^fo 


(7.11) 


where the main beam peak, i.e., maximum of the array factor AFkiax, is calculated 
as: 


N 

A-Fmax = ^ ^ ^i' 
i=l 


(7.12) 
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7.3.5 SMABF Steering Algorithm 

Algorithm 2 gives multiple beam patterns and meets the requirements for both 
communications, i.e., UG2UG and UG2AG. 


7.4 Results and Optimization 

This section discusses the SMABF and compares the adaptive and non-adaptive 
beamforming technique. 


7. 4.1 Optimum UG Angle 

The optimum angle is determined by using Eq. (7.9). At optimum angle, UG 
communication (with lateral waves) is improved adapting to soil properties. The 
analysis was performed on the lateral wave angle using frequency range of 100- 
1000 MHz, VWC between 0 and 40%, and soil types of sandy and silty clay loam. 
Table 7.3 gives the particle distribution for both soil types. 

Figure 7.8 shows the optimal angle for varying VWC (0-40%) in two different 
soil types. The optimal angle in silty clay loam soil is higher than the sandy soil. 
The maximum optimal angle in silty clay loam soil is 16° and that in sandy soil 


Table 7.3 Soil particle size 
distribution in testbeds [57] 


Textural class 

%Sand 

%Silt 

%Clay 

Sandy soil 

86 

11 

3 

Silty clay loam 

13 

55 

32 
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Fig. 7.8 Optimal angle at different frequencies in: (a) Silty clay loam, (b) Sandy soil 
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Fig. 7.9 (a) Array factor for varying soil moisture levels in UG2UG communications [54], (b) 
Underground-to-Aboveground (UG2AG) communications [54] 


is 9°. This is because of silty clay loam soil having higher dielectric constant than 
sandy soil. A decreasing trend is observed between the optimal angle and VWC, i.e., 
optimal angle is decreasing with increase in VWC percentage, because of increase 
in soil permittivity with increasing soil moisture. Table 7.2 summarizes the steering 
angles for both UG2UG and UG2AG communication. Figure 7.9a and b gives the 
UG beam pattern with soil moisture. 


7.4.2 Optimum UG Angle to Enhance Lateral Wave 

For validity of lateral wave communication, different experiments were conducted 
in indoor and outdoor testbed. Different soils are used in both testbeds: Sandy for 
indoor and silty clay for outdoor. Burial depth of directional antenna is 20 cm and 
Key sights’ Fieldfox Vector Network Analyzer (VNA) N9923A is used for taking 
measurements. Two experiments are performed for measuring the channel gain and 
channel transfer function: first without changing the orientations and the other one 
after finding an optimum angle. For sandy soil, optimal angle is 4° at 37% VWC 
and it is 16° at 0% VWC for silty clay loam soil. 

Figure 7.10 shows the channel gain results for the two transmitter-receiver (T- 
R) separation distances: 50 cm and 1 m. For a distance of 50 cm, sandy soil type, 
and a frequency of 500 MHz, a 4 dB of gain is observed at 4° as compared to no 
orientation scenario (Fig. 7. 10a). Gain is increasing with the frequency when the 
energy is focused at optimum angle. This is because of the reason that soil path 
is affected by soil permittivity. Similarly, in Fig. 7.10b, for a distance of 1 m, a 
higher gain is observed as compared to what was observed at 50 m. This is because 
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Fig. 7.10 Optimum angle in UG communication [54]: (a) Sandy soil (50 cm T-R separation), (b) 
Sandy soil (1 m T-R separation), (c) Silty clay loam soil (50 cm T-R separation), and (d) Silty clay 
loam soil (1 m T-R separation) 


for large communication distances, the direct wave becomes negligible and lateral 
wave is significant. 

Channel gain is much higher in silty clay loam soil for both distances, i.e., 50 cm 
(Fig. 7.10c) and 1 m (Fig. 7.10d). The reason is that silty clay loam soil has high 
permittivity value as compared to sandy soil, hence, exhibiting higher losses and 
observing high channel gains. 


7.43 Comparing SMABF with Non-adaptive Beamforming 

In this section the performance of adaptive (SMABF) and non-adaptive beamform¬ 
ing techniques is compared. A 5 x 5 planar antenna array is used for the experiment 
and change in array factor and directivity of the antenna, due to soil moisture change, 
is studied in detail. Figure 7.11 shows the elements weight of the planar antenna 
array at 40% VWC and frequency of 433 MHz. 
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Fig. 7.11 Weights of a grid element (433 MHz and 40% Soil moisture) [54]: (a) Stem plot, (b) 
Surf plot 



Fig. 7.12 Non-adaptive beamforming in silty clay loam soil: array factor deterioration with 
changing soil moisture [54]. (a) 5%. (b) 10%. (c) 20%. (d) 30%. (e) 40% 







(a) 5% (b) 10% 


(c) 20% 


(d) 30% 


(e) 40% 


Fig. 7.13 Non-adaptive beamforming in sandy soil: array factor deterioration with changing soil 
moisture [54]. (a) 5%. (b) 10%. (c) 20%. (d) 30%. (e) 40% 


Figure 7.12 shows the array factor deterioration for silt clay loam soil and 
Fig. 7.13 for sandy soil. Both results are obtained using a non-adaptive beamforming 
technique with VWC ranging from 5 to 40%. In both soils, the side lobes are 
growing higher as the soil moisture is increasing. High soil moisture values 
significantly impact the wavelength of sandy soil as compared to silty clay loam soil; 
therefore, the effect of high soil moisture will be severe in sandy soil as compared 
to silty clay loam soil. 

Figure 7.14 compares the directivity of adaptive SMABF with non-adaptive 
beamforming for both sandy and silty clay loam soils. SMABF maintains the 
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Fig. 7.14 Effect of soil 
moisture on directivity in 
sandy and SCL soil [54] 
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directivity along with the soil moisture change, whereas, for non-adaptive approach, 
the drastic change in directivity is observed. For 5% VWC, in silty clay loam soil, 
non-adaptive approach has lower directivity than SMABF; for 10 and 30% VWC, 
in sandy soil, non-adaptive approach has the same directivity as of SMABF and 
even shows higher directivity at 20% VWC. It is important to note that SMABF is 
not maximizing the directivity instead adapting to wavelength with change in soil 
moisture; however, it can be maximized by using optimal inter-element spacing. 


7.4,4 Antenna Element Thinning Through Virtual Arrays 

In UG array thinning, a small subset of antenna elements is selected from the full 
planar array using the optimization approach and a virtual array is constructed. 
Physical antenna elements are triggered on/off using the virtual array. This approach 
is used to discover the elements with optimal configuration which can be used to 
form current soil moisture level. Antenna element weights, Wi are toggled (on/off) 
as follows: 



1 ifJ = A.,/2, 
0 otherwise. 


(7.13) 


where Xs is the wavelength in soil, d is the distance between the i-th antenna element 
and the previous element, d is chosen in such a way that half-wavelength inter¬ 
element spacing is not disturbed due to change in soil moisture and wavelength. 
Table 7.4 shows the change in SMABF half-wavelength inter-element spacing for 
a frequency of 433 MHz and VWC in the range of 10-40%. Firstly, array uses 
the initial configuration for the operation and then virtual adaptive thinning is 
applied based on soil moisture values. Virtual SMABF maintains the side lobes and 
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Table 7.4 SMABF 
half-wavelength inter-element 
spacing (cm) for different 
VWC percentage in soil 


Volumetric water content (VWC) 


Soil type 

10% 

20% 

30% 

40% 

Silt loam 

30.79 

23.72 

20.25 

18.03 

Sandy 

46.83 

39.28 

34.62 

31.28 

Silty clay loam 

27.86 

20.53 

17.12 

15.01 


directivity and no distortion in side lobes is observed as in the case of non-adaptive 
beamforming. 


7.4.5 SMABF Directivity Maximization 


Virtual arrays have fixed directivity. This issue can be improved using directivity 
maximization. Goal is to optimize the inter-element spacing and avoid grating lobes. 
The optimization problem is given as follows: 


P : 


max D = 

rlTi 

Jo 

s.t. 


AtT I A F tnax I ^ 

Jq \AF\^ sinOdOdcl) 
d 1 

Xs 1 -h sin 0 ’ 


(7.14) 

(7.15) 


where 0 is the steering angle, inter-element spacing is given by d, and D represents 
the directivity. 

Genetic algorithms [18] are used where inter-element position can be chosen 
randomly or specified beforehand. A priori position can be selected without 
considering the soil moisture level. Inter-element spacing is then determined using 
a cost function. 


7.4.6 Feedback Control 

Feedback signals are used to dynamically adjust the element weights through array 
gain feedback loops. This feedback is in addition to the weight adaption on the 
basis of soil moisture sensing. A pilot signal is used for the maximization of array 
gain. SMABF transmitting array, operating in receiver mode, receives the pilot 
signal and based on this signal changes its parameter for the transmission. The 
transmitting array determines the channel state and adjusts the parameters on the 
basis of best signal-to-noise (SNR) ratio. Figure 7.15 shows the SMABF feedback 
control mechanism (Table 7.5). 














236 


7 Underground Phased Arrays and Beamforming Applications 


Table 7.5 Comparison of SMABF and UG phased array 


Property 

SMABE 

UG phased array 

Inter-element 

spacing 

Element thinning through 
virtual arrays 

Depends upon soil moisture 

Frequency 

433 MHz 

- 

Directivity 

Adapts to the soil moisture 

4;r 1 Ar’maxP 

Increases with the decrease 

in wavelength and inter-element spacing 

\AF\^ sin 0d0del) 

Steering angle 

Silt clay loam =16° 

— 

Sandy Soil = 9° 

Element 

weighting 

Soil moisture adaptive weights 

Soil moisture adaptive weights 

= <m.l + 

Element 

excitation 

Initial distribution (w^): 

Root matching method [12] 

Initial distribution (w^): 

Root matching method [12] 

Subsequent weights: 

Wi = wf ± 8wi 

Subsequent weights: 

Wi = wf ± 8wi 

Effective isotropic 

radiated power (EIRP) 

- 

Pr = lOlogio (lO^ + 10W + 
lOT^j 

Implementation 

Planar antenna 

SDR-based implementation 


Soil Moisture 
Sensing 



Fig. 7.15 SMABF with feedback [54] 

7.4.7 Adaptive SMABF Element Weighting 

Amplitude weighting [74] can be used to get a desired beam pattern from antenna 
elements in the array. SMABF uses the soil moisture values as an input to 
determine the element weight which is the reason for improved SNR in SMABF. 
Weights are adjusted dynamically with soil moisture for both UG2UG and UG2AG 
communication. These adaptive weights are given as: 


W = {wo, Wi, W2. .. Wn-l}^. 


( 7 . 16 ) 
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Change in soil moisture causes the soil permittivity to change which in turn 
changes the wavelength. Weight factor is given as: 

1 

ys = — X J X TT X sin^o- (7.17) 

Using this weight factor, adaptive weight of the i-th antenna is given as: 

= ai exp(-7Ks(2/ - n- 1)), (7.18) 

where at represents the element coefficient. Beam patterns and required side lobe 
levels are obtained using these element coefficients via positioning and element 
thinning technique. After determining the adaptive weight vector, desired beam 
pattern is obtained as: 


r = Xwi^, (7.19) 

where X represents an intended signal. The same process is repeated using the 
gradient method in which adaptive weights are adjusted for upcoming iteration 
(/ + 1) as follows [74]: 


<m,/+l = Km,I + (7.20) 

where 5' is the stability and gradient estimate vector is given by V/. Adaptive 
antenna array does not perform well with faster adaption rate [74]. As change in soil 
moisture is a slow process, this approach has minimum noise and high tolerance for 
performance degradation. 

7. 4.8 SMABF Element Excitation 

Antenna element excitation also needs to be optimized as change in soil moisture 
can cause the performance degradation, if traditional excitation distribution methods 
(e.g., Hansen, Bayliss, Uniform, Dolph/Chebyshev, Binomial, Taylor, radial taper, 
etc.) are used. In SMABF excitation method, an initial current distribution is 
determined using the root matching method [12]. New patterns are determined for 
each soil moisture change. Due to the slow pace of soil moisture change, patterns 
differ from each other in small angle steps. The changes in Wi are given by 8wi : 

Wi = ± 8wi. (7.21) 

With the knowledge of desired and current patterns, matrix inversion method 
is used to solve pattern difference equation for getting 8wi. This 8wi is used for 
calculating new distribution for new beam pattern. The process is repeated multiple 
times until the desired beam pattern is obtained. 
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7.4.9 Simulations 

A simulation program, CST Microwave Studio (MWS), is used to simulate SMABF 
design. A 5 x 5 phased array in sandy soil is used for the simulation. The operating 
frequency of the array lies between 0.2 and 0.6 GHz with beam steering support for 
different communication types and angles given in Table 7.2. 

Operating bandwidth, S-parameters, and radiation pattern of an array depend 
upon the individual element; therefore, to analyze these parameters, a single dipole 
antenna is simulated initially. The simulation with dipole antenna is performed 
using resonant frequency of 433 MHz and feed impedance of 50^2. Elements are 
simulated as PEC cylindrical material and these elements are excited using the gap 
between the spacing of elements. Simulated S-parameter values are compared with 
measured S-parameter values for validation. Both results are discussed in Sect. 7.2.3 
and confirm each other. Simulated results show that change in soil moisture affects 
the resonant frequency, bandwidth, and reflection coefficient. More details on this 
effect are given in Sect. 7.2.3. 

After verifying the design of individual element, full array is simulated for the 
validation. Figure 7.16a shows the structure of simulated array. Distribution matrix 
is estimated after giving the beam pattern specification for UG2UG and UG2AG 




(c) 


Fig. 7.16 (a) Design of 5 x 5 array in CST MWS [54], (b) UG2AG far-field simulated in CST 
MWS [54], (c) 3D view of UG2AG Beam [54] 
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communication. The matrix is used for exciting the element and obtaining the 
desired beam pattern. The distribution matrix is recalculated for every variation 
in soil moisture. Accordingly, beam steering angle is adjusted and the process 
is repeated multiple times to adapt to soil moisture changes. Figure 7.16b shows 
the UG2AG results for the simulation with beam parameters and Fig. 7.16c shows 
the same in 3D. It is observed that simulation results confirm the beam synthesis 
analysis from Sect. 7.3. 


7.5 Underground Phased Array Antennas 

Underground transmitter, with phased array antennas, uses UG transmit beamform¬ 
ing to maximize the contribution of lateral wave by using a particular angle to 
transmit energy [52, 54, 57]. This saves energy loss by using narrow-width beam 
instead of transmitting signal in isotropic direction. The primary goals of wireless 
underground communications are: (a) increase the received signal strength and (b) 
minimize the interference at receiver end [54, 57]. 

Soil uses weights which adapts to the soil moisture values of the soil. Moreover, 
UG phased antenna arrays use array gain feedback loops as feedback signals to 
adjust weights. This is done to maximize the array gain with pilot signals. This 
method uses the phased array antenna transmitter for receiving the pilot signal (as 
a receiver) and adjusts parameter for transmission of the signal as a transmitter. 
While transmitter is working in a receiver mode, channel state is estimated by 
changing the scan angles. The best SNIR values are selected and soil moisture values 
are changed to adjust the parameters. Figure 7.15 shows soil moisture-adaptive 
feedback controller with the feedback. 


7.5.1 Adaptive Element Weighting 


The array elements signals of beamforming antennas can be controlled to produce 
the desired beam by phase and amplitude weighting [72, 74]. In UG phased arrays, 
the current environment and the soil moisture information is used to weight the 
elements which leads to improvements in received SNR. The adaptive weight 
adjustment is done to keep the desired UG2UG and UG2AG characteristics based 
on the soil moisture variations. 

Soil moisture adaptive weights are expressed as: 

w = {wo, Wi, W2... Wn-l}^. (7.22) 

The permittivity of the soil changes with the change in soil moisture and hence 
the wavelength. The weight factor is defined as: 
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1 

ys = — X d X 7t X sinOo, (7.23) 

Xs 

where d is the inter-element distance. Accordingly, with this weight factor, ith soil 
moisture adaptive weight becomes 

= at exp(-7Ks(2/ - n- 1)), (7.24) 

where at is the element coefficient. These element coefficients are optimized to 
obtain desired side lobe levels and beam patterns through element thinning and 
positioning approach. Once the beamforming vector is populated with the adaptive 
weights, the desired beam pattern is produced as follows: 


F = Xw[^ (7.25) 

where X is the intended signal. To repeat this process with soil moisture change, 
gradient method is used. In this method, soil moisture adaptive weights are adjusted 
for next (/ + 1) iteration as [55, 74]: 

<m,/+l = <m,/ + (7.26) 

where 5' ensures stability and convergence and V/ is the gradient estimate vector. 
It is well known that performance of an adaptive antenna array system degrades 
with faster adaption [32, 74]. Since the soil moisture is a slowly varying process, 
this simple-to-implement approach exhibits minimum noise and high tolerance to 
performance degradation that is caused by faster adoption and limited sampling. 


7.5.2 Phased Array Element Excitation 

In addition to wavelength and element position optimization, current excitation 
also need to be optimized. Due to the soil moisture variations, the use of conven¬ 
tional excitation distributions (e.g.. Uniform, Dolph/Chebyshev, Binomial, Taylor, 
Hansen, Tseng, Bayliss, separable, radial taper, and radial taper squared) lead to 
degraded beam patterns with soil moisture variations [39, 49, 74]. Therefore, in 
this section we develop a soil moisture adaptive phased array excitation method to 
maintain the desired pattern. This method works as follows [22, 46]. 

First, an initial current distribution is found for the desired pattern by using 
the root matching method [12, 30, 35]. Once the soil moisture changes, the new 
pattern is determined. The soil moisture does not vary drastically with time in the 
field. Therefore, with change in soil moisture, the new pattern varies gradually from 
the old one in small angle steps. Hence, the Wf is expressed in minor variations 8wi 
to the : 
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Wf = zb 3wi. {121) 

Since the current and desirable patterns are known, the pattern difference 
equation is solved using the matrix inversion method to obtain the 3wi . Accordingly, 
it is used to get the new current which defines new pattern. This method is repeated 
iteratively until the desired beam pattern is achieved. To further improve the pattern, 
a received power based feedback method can be employed which will enhance 
performance and converge faster. The received power and the directivity are defined 
in the next section. 


7 . 5.3 Effective Isotropic Radiated Power (EIRP) 

The phased array effective isotropic radiated power (EIRP) is expressed as the 
product of the transmitted power and antenna gain: 


Pmd = GtPt, (12S) 

where Pt is the transmitted power and Gt is the array gain. 

The far-field power density Pav is expressed as [8]: 

Pav = , (7.29) 

where D (direct), R (reflected), L (lateral) denote the power densities of corre¬ 
sponding wave component [53, 57]. The received power is the product of far-field 
power density Pav and antenna aperture (k^/47r). The received power is calculated 
as [8,61]: 


Pf = Pt+ 201ogio - 201ogio n - 8.69a,ri 
—22 + lOlog^Q Dri , 

Pr = Pt + 201ogio - 201ogio r 2 - S.69asr2 

-|-201og^Q r — 22 -h lOlog^Q Dri , (7.30) 

Pjr = Pt + 201ogio A-i - 401ogio d - %.69as{ht + hr) 

+201ogjQ r — 22 + lOlogjQ Dri , 

where F and T are reflection and transmission coefficients [8, 33], and is the 
wavelength in soil. The received power, for an isotropic antenna, is expressed as 
[8, 51, 60]: 

p^ = lOlogio (iffiw + low + low^ . 


( 7 . 31 ) 
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The directivity of the underground phased array antenna is defined as [54, 73]: 


fo sin 0 dodcj) 

where the AF^^lx is the maximum of the array factor [31, 40, 54]. 


(7.32) 


7.6 Beyond Optimal: Enhancement of Array Dimensions 

This section discusses the performance of UG phased array through directivity 
settings [54, 58]. Figure 7.17 plots the change in directivity with deployment at 
30% moisture level. It also observes the effect of extending array dimension by 
increasing the number of elements. It concludes that inter-element spacing must 
increase with low soil moisture levels. Increasing the inter-element spacing also 
increases the overall array dimension. Moreover, if the soil moisture is decreased 
for virtual array scenarios with fixed (e.g., 5x5) configuration, then array size 
also decreases despite maintaining optimum value of directivity. However, at the 



Volumetric Water Content - VWC (%) 

(a) 



Volumetric Water Content - VWC (%) 

(b) 



(c) (d) 


Fig. 7.17 (a) Directivity at 30% soil moisture level for optimized deployment, enhanced array 
dimension: (b) Number of elements, (c) Directivity, (d) 
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same time, fixed configuration (5 x 5) at high soil moisture levels results in wastage 
of resources, i.e., elements over fixed dimensions. For high soil moisture levels, 
UG phased array performance is improved by using more elements, hence, getting 
beyond optimum directivity [37, 50]. 

An ideal case is considered first where an array (5 x 5) is designed with optimum 
inter-element spacing J* at 5% soil moisture levels. This configuration is used for 
both types of soils. This design gives the maximum possible physical dimensions. 
After that, if the soil moisture level is increased, the number of elements are 
determined and deployed within these fixed physical dimensions. It is also important 
to note that no limitation is placed on practical inter-element spacing dx. The 
increased number of elements, within fixed maximum dimension, are also computed 
using J* of the current soil moisture level. For the second case, practical limitations 
are applied on dx, and the performance of the system is studied [29, 36]. 

Figure 7. 17b plots the effect of increased element in 5 x 5 array along with 
increasing soil moisture level. The experiment is performed in both types of soil. 
In silt clay loam soil, at all soil moisture levels array dimension is enhanced to 
6 X 6, 8 X 8, 10 X 10, and 11 x 11 for addition of 1, 3, 5, and 6 elements at soil 
moisture level of 10%, 20%, 30%, and 40%, respectively. In sandy soil, the array 
dimension is not effected at soil moisture level of 10%; however, it is enhanced to 
6 X 6, 7 X 7, and 8 x 8 at soil moisture level of 20%, 30%, and 40%, respectively. 

Figure 7. 17c plots the directivity of enhanced configuration. For silt clay loam 
soil, at higher soil moisture level, the directivity is increased significantly with 
enhanced configuration. This happens because of two reasons: (a) decrease in 
wavelength when soil moisture levels are increased and (b) smaller inter-element 
spacing J* in silt clay loam soil (see Fig. 7.1 7d) results in increased number of 
elements in array dimensions which in turn increase its directivity in silt clay loam 
soil. Hence, enhanced array deployment can be advantageous for the soil with higher 
clay content and high soil moisture level [34, 68]. 


7.7 Antenna Array Implementation 

This section discusses the UG phased array in the context of software and hardware 
implementation. 

7.7 .1 Software-Defined Implementation 

Evolution in SDR-based technology has enabled the robust UG phased arrays imple¬ 
mentations. Software-defined array elements allow the development of steering 
solutions with the ability to process complex algorithms. These steering solutions 
can be used by antenna elements to communicate with static and mobile AG nodes. 
SDR-based UG beamforming [28] faces various challenges for its implementation. 
Among all challenges, different phase shifts of antenna element is the major one. 
A desired beam pattern requires the same phase shift for all antenna element in a 
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particular direction. This can be done by doing proper calibration of phase shifter, 
real-time synchronization, and phase correction for all the elements. 

Soil moisture-based digital beamforming method uses planar antenna array. It 
consists of its own phase shifter and is programmed on predefined communication 
parameters for communicating with the UG and AG arrays. Multiple beams can be 
stitched in such a way that the total number of beam patterns can be calculated after 
analyzing the UG and AG devices and can be stored in a database for later use [48]. 

SDR-based phase shifting approach dynamically adapts to the wavelength with 
the change in soil moisture values. The processing is done in the software-defined 
radios. The major benefit of this technique is that it adapts to the uncertainties of 
UG environment without changing the arrangement of the antenna array, hence, 
consuming less energy as compared to traditional mechanical techniques [13, 38]. 


7.7.2 Hardware Components 

Hardware-based solutions for UG phased array include using dipole antenna 
elements and printed circuit antenna elements. Moreover, other microwave com¬ 
ponents, e.g., amplifiers, phase shifters, dividers, and hybrids can be used as printed 
circuits [13, 41, 59]. To achieve good wideband properties, a stripline configuration 
includes using a closely spaced antenna elements with large diameter. A prototype 
system can be designed and tested using EM-based simulations. The performance of 
an antenna array suffers at the edges. This can be avoided using resistive elements as 
a dummy element at the edge. Using the results from the simulation-based design, 
an initial array layout can be configured. This layout can be optimized using vector 
network analyzer [42, 45]. 


7.8 Future Directions 

As a future research direction, the effect of soil-air interface on communication 
performance of UG phased array should be investigated in detail. Reflection from 
the interface can be studied by adjusting the array factor. Moreover, the receiving 
array should also be analyzed in the context of mutual coupling between array 
elements, antenna reciprocity principle, impedance matching, and simultaneous 
sending and receiving functionality [43, 44, 47]. 

It is important to realize UG phased array with soil moisture sensing capabilities. 
It is a challenging task incurring more complexity in the system. UG phased antenna 
array is an enabling technology for the next-generation wireless UG systems due to 
its decreased cost, lower hardware complexity, extended communication range, and 
high data rate. It can be considered as a serious contender to replace traditional OTA 
solutions. 
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8.1 Introduction 

Soil is a primary resource in agriculture. Soil fertility is ability of a soil to sustain 
the plant growth. Several physical (particle size, structure, water, etc.), chemical 
(mineralogy, organic matter, and acidity, etc.), and biological properties (beneficial 
organism) are used by the scientist to describe soil fertility (see Table 8.1). It is 
important to know these properties of soil fertility in order to optimize the plant 
production. However, complex nature of the soil makes it difficult to assess the soil 
fertility. Soil properties may vary on micro or macro level. Micro-variability is due 
to granularity of the soil. Macro-variability is due to the climate, parent material, 
time, and how human treats the soil [93]. Soil properties show various spatial and 
temporal variations. Observing soil in different areas within the field or between 
multiple fields to study its spatial variations is known as soil survey. Studying the 
temporal variations refers to the soil monitoring [41, 166]. 

Traditional approach to investigate soil fertility involves manual collection of soil 
samples from the field and analyzing them in laboratories. This method specially 
applies to study the chemical properties and soil texture. However, manual sampling 
of soil is time intensive, requires a lot of labor work, and highly expensive. 
Due to these drawbacks, studying spatial and temporal properties of soil, using 
traditional approach, does not make digital agriculture a viable farming method. 
The implementation and widespread of digital agriculture rely on use of fast and 
cost-effective methods [169, 190]. 

Another approach to study soil properties is to use sensor-based technologies. 
Soil sensors collect the data for sensing chemical, biological, and physical properties 
directly from the field. However, due to the complex nature of the soil, only few 
sensor systems have been successful for use in agriculture. Complex nature of soil 
makes it difficult to separate the sensor stimuli. The minerals components in the soil 
cause the mechanical stress and wear in the sensor. Soil absorbs or attenuates most 
of the EM spectrum due to which remote sensors receive signal from the surface 
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Fig. 8.1 Organization of the chapter 


of the soil only. Hence, the success of mapping soil through remote sensing is 
very limited. Sensing has always been a key technology in the farming industry. 
In earlier days, farmers used to evaluate the crop properties manually by assessing 
each plant individually. They used to estimate yield potential, identify stresses 
from specific symptoms, differentiate water deficiency from nutrient deficiency, and 
identify diseases from insect infestation. Modern farmers are no different than their 
ancestors, however, scale of the crops is a major concern nowadays. Farmers, in old 
days, used to manage small portion of the land, e.g., some fraction of the hectare, 
however, modem farmers may have to manage hundreds even thousands of hectares 
of fields. Large field size makes it impossible to manually analyze and manage them. 
Hence, farmers are becoming increasingly reliant on sensors in their day-to-day 
farming operations [164, 210] (Fig. 8.1). 

In this section we are going to discuss different types of sensor technologies that 
can be used in monitoring of soil and crop conditions. 


8.2 Current Challenges in Sensor Development 

EM-based crop canopy sensors have high potential to improve N-fertilizer man¬ 
agement, however, some factors may influence its accuracy. These factors may 
include sensors’ operating characteristics (wavelengths and Vis), seasonal varia¬ 
tions, genotype effects, and stresses [167, 173]. N-fertilizer management, using 
proximal crop canopy sensors, assumes that the effect of other stresses, e.g., water, 
insects, and nutrient, is either absent or equally present in reference and target area, 
thus, canceling the effect of each other. Even in the irrigated environments, water 
stress can confound N management during the critical times of the growing season. 
Some Vis are found to be successful differentiating between N stress and water 
stress [26]. These indices include three wavebands in the equation (eq. 1) namely the 
canopy chlorophyll content index [57], the DATT index [39, 141], and the MERIS 
terrestrial chlorophyll index [38, 157]. However, these three indices are currently 
not available in any of the commercially available crop canopy sensor system. 

Most of the research with proximal crop sensors is being done in N-fertilizer 
management. However, there is a huge potential of application of proximal crop 
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sensor in identifying other stresses. Few commercial systems are available which 
identify plant stresses other than the N stress. WeedSeeker spray system [87] uses 
the same sensors as GreenSeeker system. It successfully finds the weed in the crop 
and applies herbicides on the go. WeedSeeker system successfully solves the weed 
infestation problem in cotton [170, 195]. Salam [151] and Slaughter et al. [187] 
studies machine vision-based weed detection and control systems using reflectance 
with the crop sensor for real-time weed control. Crop canopy sensor can also be 
used in disease and insect detection. High-resolution and multispectral imagery 
is used to detect disease onset in wheat. Feng et al. [63] use visible to red-edge 
bands (580-710 nm) to inspect powdery mildew infestation during growth season. 
Hyperspectral imaging is used to detect damages in sugar beet due to nematodes and 
fungal pathogens [79]. In Bravo et al. [24], authors used multispectral fluorescence 
images for the detection of foliar diseases in winter wheat. Huanglongbing disease 
in citrus canopy is detected by using the ratio of yellow fluorescence to simple 
fluorescence. 

Another trending current of area of research is the concept of sensor fusion. 
Sensor fusion refers to using multiple proximal crop sensors over single sensor. 
Combining various sensing techniques can give more accurate measurements 
promoting the widespread adoption of sensor-based technologies from crop man¬ 
agement [5, 150]. Veris Technologies combines multiple sensors for soil electrical 
conductivity (EC), pH level of the soil, and soil organic matter to a single platform 
[209]. Salam and Vuran [164] and Shiratsuchi et al. [186] use three different types 
of sensors: optical for canopy reflectance, thermal for temperature, and ultrasonic 
distance sensor for height, to assess the N status in the crop. The authors in [213] 
combine four different sensors to study the herbicide dosage control. Sensor fusion 
in [108, 197] documents the information about crop and straw yield and grain 
protein content for stress evaluation in harvesting wheat. Salam [142] and Lamb 
et al. [103] use the combination of active and passive sensors to map a cotton 
field. Sensor fusion is also used to study high throughput phenotyping. A sensor 
fusion system for field phenotyping in [28, 148] integrates a color camera. Light 
Detection and Ranging (LIDAR), time-of-flight cameras, light curtain imaging 
systems, and a hyperspectral imaging sensors. The system could measure plant 
moisture, lodging biomass yield and tiller density. High throughput phenotyping 
platforms [10, 154, 210] use multispectral active crop canopy sensors, LIDAR or 
ultrasonic sensors, and thermal sensors. Crop Circle Phenom [85, 210] incorporates 
sensors for canopy temperature, humidity atmospheric pressure, air temperature, 
and canopy reflectance wavelengths of 670, 730, and 780 nm. 


8.2.1 Proximal Sensing 

The term proximal indicates the close proximity of the sensors to the crops. 
They are deployed close to the crops; thus, different from remote sensors. Due 
to advancement in unmanned aerial systems (UASs), which used to be a remote 
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sensing technique, is now considered as a proximal sensing technique. We consider 
the proximal sensors as the sensors which determine and evaluate the crops’ 
properties ranging from physical contact with canopy to a few meters above the 
canopy [165, 172]. 

Crop producers are interested in the properties which may influence yield and 
quality, and issues which can be detected and managed during crop producing 
seasons. Some of the properties that may interest a farmer include biomass 
accumulation, water status, nutrient deficiency (particularly nitrogen), disease onset, 
and insect infestation. Monitoring these properties is crucial during some specific 
periods of growing seasons. Remote sensing, e.g., aerial platforms, is easily affected 
by weather and clouds condition limiting their use. However, proximal sensing is not 
affected by these making it an appropriate choice during growing season [165,172]. 

• Contact or in-situ sensors: Some sensors are either directly attached or placed 
among the plants. Sap flow sensors, attached to the stem of the plant, are used to 
estimate transpiration [149,171,191]. Ground-based sensors are used to measure 
leaf area index (LAI) [25, 144]. However, measuring sap flow and LAI with 
static instrument is a time-consuming process. Crop-meter [56, 170] is a simple 
biomass sensor for the cereals which works on the pendulum principle. Crop- 
meter is mounted on vehicle driven through the crops. If crops’ biomass is higher, 
crop-meter is highly deflected. 

• Ranging Sensors: Range-finding or distance measurement is another approach 
to find biomass and height of the crop. Salam [148] and Dworak et al. [55] mea¬ 
sure the biomass, characteristics of the canopy, and crop stand using acoustic and 
electromagnetic (EM) wave ranging. Geometric characteristics of the citrus trees 
can be quantified by laser scanner. It is used for yield prediction, measurement of 
water consumption, health, and long-term productivity monitoring of the crop 
[104]. Water stress in maize can be detected by integrating acoustic ranging 
sensors with multispectral and thermal sensors [162, 186]. 

• Electromagnetic (EM) Sensors: Most of the crop canopy sensors use EM 
spectrum. EM sensors can be classified as active-with internal energy source, 
or passive-using external emitted energy source. The four regions of interest in 
EM spectrum include visible, near-infrared, mid-infrared, and thermal infrared 
ranging from 400 nm (visible) to 14,000 nm (thermal infrared) [100, 143]. 
The properties of the plants, e.g., plant pigment concentrations, cell structure, 
water content in canopy and leaves, are determined by reflection or transmission 
in these spectrum ranges. Reflectance does not give much information about 
plant stress. Vegetation index (VI) allows to infer the plant stress and specific 
properties of plants by using the relationship between or reflectance in multiple 
spectral regions. Among 150-1- Vis, the most famous VI is normalized difference 
VI (NDVI) [138, 197]. NDVI is calculated using following equation: 


(NIR - RED) 
(NIR -h RED) 


( 8 . 1 ) 
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Chlorophyll meter, frequently used instrument in the plant research, is used 
to measure the chlorophyll content in a plant. It is based on the reflectance 
meter presented by Wallihan [212]. Konica Minolta SPAD 502 Plus [118] is 
a commonly used and mostly available chlorophyll meter today. The meter is 
used in determining chlorophyll concentration [113] at 650 and 940 nm of wave¬ 
lengths. The performance of this meter has been studied [113] for determining 
the chlorophyll content and ability to detect N stress and, assuming the high 
correlation between chlorophyll and nitrogen content in a plant, consequently 
predict the demand for N fertilization [22, 27, 152, 179]. 

The Dualex Scientific [51,154] is another handheld senor which measures the 
chlorophyll and polyphenol contents in ultraviolet, visible, and NIR wavelengths. 
Polyphenols can be used to determine plant stress factors such as N availability 
[157, 173]. When used together, Dualex and SPAD meter are more sensitive 
in calculating the com N status rather than being used alone. Force-A also 
manufactures the handheld sensors used to determining abiotic stresses in the 
plant especially in detecting disease [145, 151, 161, 175]. 

Chlorophyll meters are useful in estimating the properties of a given plant, 
however, it becomes laborious to measure the properties of a group of a plants or 
fields. It is a useful proximal sensing tool for a plot of small size. However, the 
labor challenges associated with the chlorophyll meter prevent it to be used by 
the farmers for N-fertilizer management. 

• Mobile EM Sensors: Yara N-Sensor [150,223] is a passive spectrometer system 
that can be mounted on a tractor. It consists of two spectrometers which are 
used to scan crop canopy and real-time correction of the reflected signal in 
a wavelength selected between 450 and 900 nm [159, 173, 226]. NDVI and 
various other Vis are calculated through reflectance. The system then adjusts 
the application rate of N fertilizers for scanned region in real-time. N-Sensor is 
majorly used for spatial N management of wheat [21], however, its applications 
are also found in com [156, 202] and potato [155, 226]. 

Passive sensors face the challenges of clouds, angle of the sun, and time 
of the day. Active sensors have been developed to address the challenges of 
passive sensors. Active sensors, as discussed earlier, use internal light source 
[42, 160]. Optical sensors, a type of proximal active sensors, use radiometric 
principle. Holland et al. [84] discuss how this principle, especially inverse square 
law of optics, affects the functionality and use of the sensor. Salam [153] and 
Raun et al. [132] showed that, as compared to the traditional methods, sensor- 
based N application methods can increase the nitrogen use efficiency (NUE) by 
15%. This system was developed by Oklahoma State University and was named 
GreenSeeker. GreenSeeker system [87, 168] is an active crop canopy sensor 
system commercially available for the N-fertilizer management. It uses an in¬ 
field reference for the calibration of the sensor for specific field conditions. It 
measures reflectance at the wavebands of 671 zb 6 and 780 zb 6 nm. The system 
generates the response index (RI) by dividing the in-field reference NDVI by 
targets’ NDVI. RI and in-season estimate of yield (INSEY) are used in various 
crop and locale specific algorithms to generate the real-time fertilizer N rate. 
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This system can be used for many crops, however, majorly used for com [2, 169] 
and winter wheat [147, 196]. Handheld version of this sensor has also been 
developed by Trimble for the exploration purposes. It comes with an integrated 
power supply datalogger and GPS. 

Crop circle suite of sensors, initially developed by Holland Scientific as ACS- 
210, is set of active crop canopy sensor. ACS-210 is two-band active sensor which 
measures reflectance at 590 zb 5.5 and 880 zb 10 nm. It is not used commercially 
anymore and is replaced by various other three-band sensors such as ACS-430 
and ACS-470. They also have handheld sensor, RapidScan CS-45, equipped with 
a datalogger, power supply, and a GPS. It has the optics similar to ACS-430. 

The set of sensors described above are primarily used for the research 
purposes. Holland Scientific has integrated the technology into OptRx®crop 
sensor system [152, 192] for the commercial use. OptRX uses the ACS-430 and 
measures the reflectance at wavebands of 670, 730, and 780 nm. OptRX, like 
GreenSeeker system, uses in-field calibration. OptRX is designed to be used with 
a universal N recommendation algorithm which can either be adjusted by the user 
[82, 162] or virtual reference approach [83, 144]. In virtual reference approach, 
healthiest area of the field is selected as a reference N status of the crop and the 
area is scanned in real-time. This prevents the grower to establish a nitrogen rich 
area as a reference strip in the field. Yara N-Sensor ALS (active light system) 
uses xenon flash lamp as a light source. CropSpec system uses laser as a light 
source and measures reflectance at 730-740 nm and 800-810 nm bands. The 
operating characteristics of both, CropSpec and N-Sensor ALS, are similar to 
those of passive N-Sensor. 

Sensors sense analog physical or chemical stimuli, e.g., temperature, heat, etc., 
and convert them to a digital signal for further analyses. Data analysis methods are 
used to get information from this data and finally incorporated in decision making to 
take appropriate agricultural decisions. As discussed in previous section, complex 
nature of soil requires sensors to be placed in the soil at very short distance from 
the soil. Proximal sensing is highly effective in creating high-resolution soil maps. 
Salam and Shah [163], Salam et al. [172], and Rossel et al. [137] define proximal 
sensing as the application and development of sensor that operates close by or inside 
the soil. A proximal soil sensor system ranges from simple stationary systems with 
one or more sensors and data recording and transmission unit to complex automated 
and mobile systems. Complex proximal system may be equipped with a platform 
to carry sensors, sampling unit, sample heads, sample preparation equipment, and 
GNSS. 


8.2.1.1 Future Research Directions 

Proximal sensing is used to achieve sustainability and reducing the environmental 
impact that may occur due to crops. Proximal sensing enables spatial management 
and manages temporal variations for the site-specific management in precision 
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Table 8.1 Soil properties relevant for plant production as indicated by the notion of soil fertility 
[69] 


Physical 

Chemical 

Biological 

Particle size: gravel, sand, 
loam, clay 

Mineralogy: quartz, clay type 

Mineralization fixation 

Water: water content, water 
potential 

Organic matter: total content, 
fractions (labile, stable) 

Beneficial organisms 

Structure: bulk density, 
porosity 

Nutrients: total content, plant 
available (e.g., N, P, K) 

Bioturbation by animals and 
plants 

Thermal properties: thermal 
diffusivity, heat capacity, 
heat conductivity, specific 
heat 

Acidity pH 


Relief: slope, exposure 

Redox potential: O 2 



Toxic substances 



agriculture. Proximal sensors allow an efficient use of resources by detecting and 
taking preemptive measures in a timely manner. 

There is a huge research potential in developing active proximal sensors for use 
with UAV. Apart from N stress, it can be used to explore water and nutrient stress and 
many other diseases. There is potential to study different stresses using multispectral 
fluorescence, mid-infrared, and thermal region of EM spectrum. Non-EM sensors, 
e.g., pheromone and spore detectors can be investigated for disease or insects. 


8.2.2 Electrical Soil Sensing 

Some sensors use electric circuits to measure the electrical conductivity (EC) of a 
soil, capacity of the soil to become polarized, or form magnetic fields. Such sensors 
are known as electrical sensors [105, 143]. Electrical sensors are assessed in the 
frequency range of 0 (direct current) to 300 (radar) GHz. Electrical sensors are 
the most common proximal soil sensors. In the next section, we discuss relevant 
electrical properties of soil [99, 178]. 


8.2.2.1 Electrical Soil Properties 

Electrical conductivity (EC) of a soil refers to the amount of salt in the soil (salinity). 
It indicates the health of the soil. EC affects the crop growth, crop suitability, and 
plant nutrient availability (RSEC). EC in soil can be due to movement of free 
electrons, movement of ions in dissolved water, and surface conductivity [99]. EC 
due to all three mechanisms is known as bulk electrical conductivity (ECa). The ECa 
is mainly associated with the properties of soil such as: water content, hydraulic 
permeability, temperature, bulk density, and surface changes. In non-saline soils. 
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spatial variations of soil ECs within the field are due to the soil texture. Coarse 
sands have limited contact and low capacity of holding moisture, hence are poor 
conductors. Heavy clays have high capacity of holding moisture and high particle 
contact, hence are good conductors. 

Tendency of a medium to become polarized upon passing electricity is its 
dielectric permittivity [159,178]. Dielectric permittivity increases with the decrease 
in frequency. Soil sensors measure the permittivity at frequencies between 1 MHz 
and 1 GHz. It is used to measure the soil-water content. Dielectric permittivity 
of free water is 80 [155, 178]. The electromagnetic sensors cannot measure the 
dielectric permittivity of the soil directly. They use the travel time or frequencies 
to derive the values. As a result, other interfering soil properties (ECs, temperature, 
magnetic permeability, and signal frequency) are also taken into account while 
measuring these properties [61, 119, 158]. 

The ability of the soil to form a magnetic field is known as magnetic permeability. 
Eerromagnetic compounds such as iron oxide and super paramagnetic minerals 
can be found in the soil due to atmospheric deposition and human activities 
[75, 100, 119]. If present, the magnetic permeability is proportional to the volume 
of these compounds. Many proximal sensors measure soil susceptibility which 
is the ratio of mediums’ permeability to permeability of free space minus one. 
Magnetometers or EM sensors are used to measure the magnetic properties of the 
soil. Magnetic properties of soil, both susceptibility and permeability, are mainly 
used in the field of environmental pollution and archeology [75, 165]. Very limited 
work has been published on the use of magnetic properties in soil mapping from 
agricultural context [15,171]. All of the above three properties are highly dependent 
upon the frequency of applied EM field. Lower frequency methods are more related 
to EC and high frequency methods, e.g., TDR and radar, are more associated with 
dielectric and magnetic permeability. 


S.2.2.2 Electrical Soil Sensors 

Galvanic coupled resistivity (GCR) measures the bulk electrical resistivity (ERa) 
in ^2-m under the low frequencies of less than 50 Hz. High frequencies can be 
used to analyze polarization effect. It uses two electrodes, in direct contact with the 
soil, and an ohmmeter to measure the electricity resistance by the soil. Wheatstone 
bridge uses four electrodes, in pair of two, to measure more accurate readings. One 
pair is used to inject electric current into the soil and the other is used to measure 
the potential difference. GCR is a relatively cheap, robust, and low power method 
of measuring electrical resistivity. Contrary to other electrical methods, GCR is 
less sensitive to electromagnetic sources. Main disadvantages of GCR are that it 
requires good contact with the soil and the invasive nature of galvanic coupling. 
The performance of electromagnetic induction (EMI) methods is much better in 
frozen, stony, or dry soils as compared to GCR methods [149, 211]. 

Electromagnetic induction (EMI) sensors are greatly impacting the digital 
agriculture [37, 77]. It uses two electrical coils (solenoids) and operates at the 
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frequencies of 100-60 kHz (0.4-40 kHz, [37,146]). On applying alternating current 
(AC) to the transmitter coil, an EM field termed as primary field is generated. 
This primary field induces an eddy current through the soil, which results in a 
secondary field. The secondary field differs from primary field in terms of amplitude 
and phase [116, 153]. The phase and amplitude difference between primary and 
secondary field depends upon various soil properties [12, 145], spacing between 
the transmitting and receiving coil, distance between and coil and soil surface, and 
orientation of the coils. ECa is calculated by using amplitude and phase differences 
between primary and secondary fields, and inter-coil spacing. Tuller and Islam [203] 
study the magnetic susceptibility of the soil. However, few studies in agriculture 
use it. 

Capacitive methods use the capacitor principle to analyze the soil properties. 
Electrical oscillator is connected to electrode at the frequency of 0.1-0.25 GHz 
(38-150 MHz) to create an electric field penetrating the dielectric medium (soil). 
The dielectric permittivity of the soil can be determined by estimating the charging 
time of the capacitor with that medium [121, 156]. EDR and capacitance probes are 
mostly used for measuring the water content in the soil. Both are sensitive to clay 
and temperature variation of the soil. However, they are cheaper with a flexible 
electrode geometry. Mobile mapping of ERa is also one of the applications of 
capacitance principle. Capacitive coupled resistivity (CCR) is based upon classical 
GCR method with only difference of using capacitive plates/antennae instead of 
galvanic electrode [102, 160]. 

Time-domain refiectometry (TDR) is used to determine the water content of the 
soil by measuring the travel time of electromagnetic waves through the soil under 
high frequencies. The travel time is used to measure the dielectric permittivity 
of the soil which in turn is used to measure the soil-water content. TDR sends 
the electromagnetic signals via two electrodes buried in the soil. It measures the 
propagation velocity of a step voltage with a bandwidth around 20 kHz to 1.5 GHz 
[135, 161]. TDR is less affected by the interference due to EC because they operate 
at frequency >0.5 Hz. 

Other variants of TDR and EDR are also used as electrical measurement methods. 
Some of them discussed briefly in [121] includes amplitude domain refiectometry 
(ADR), phase transition, and time-domain transition (TDT). 


8.2.2.3 Stationary Electrical Sensors 

Stationary soil sensors are very useful in monitoring soil-water properties. It has 
advantage over traditional methods, e.g., tensiometers, in having high range of 
tension (up to 1500 Pa), ability to be placed for long time, and low cost. However, 
slow reaction and intervention of soil salinity are some of the disadvantages 
[54, 168]. 

Stationary soil sensors must be carefully calibrated to get the correct measures 
[61]. Even a small scale variation can cause several problems. Durner et al. [54], 
for example, perform an experiment with 107 sensors on 60 m^ test site. Sensors 
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readings were varied significantly over the two months due to small scale variation 
(growth of algae) in the soil surface. It is difficult to distinguish the effect of water 
on electromagnetic properties from other factors such as salinity, bulk density, etc. 
[90]. It is recommended to use standard procedure, multiple sensors, and rain gauge 
records for detection of error and troubleshooting [54, 146, 197]. Salam et al. [172] 
and Munoz-Carpena et al. [121] present a detailed survey of various commercially 
available soil sensors. Some sensors are briefly described in coming section. 

• Stationary TDR and capacitance sensors can be used for stationary measure¬ 
ments. TDR uses metal rods and capacitance sensors are flexible and cheap. 
TDR gives more accurate reading under high frequencies, however, comparative 
studies suggest mixed results [61, 148, 162]. Burner et al. [54] studied 15 
different types of sensors (FDR, TDR, capacitance) and posited that most sensors 
respond to temporal changes reasonably well, however, with a considerable 
difference in absolute values. 

• Gypsum Block method is another method to assess the soil-water content. 
Apparatus contains a porous block with embedded electrodes. In an ideal 
scenario, the soil-water content and the bock water should be uniform. Fiber 
glass and gypsum can be used as a porous block. Gypsum is a cheaper option 
but it needs calibration and it decomposes with time. Fiberglass is durable and 
gives more stable calibrations. The simplest implementation consists of a gypsum 
block with two wires connecting to resistivity meter. 

• Electrical resistivity tomography is a method which is used to study the depth 
profiles and spatio-temporal properties of soil-water content in high resolution. 
It extends GCR method with array of multiple electrodes (20-100) placed 
equidistantly in a transect. Four of the electrodes placed at different locations 
and spacing are switched on to study the depth variations [94, 210, 211]. 


8.2.2.4 Mobile Electrical Sensors 

Mobile electrical sensors were the first sensors used to measure the soil spatial 
variability in digital agriculture [151, 161, 174]. EMI and GCR based sensor systems 
are still the most commonly used systems in digital agriculture. Salam [150, 158] 
and Gebbers et al. [70] did a comparative study on GCR, EMI, and capacitive 
coupled sensors which is discussed in the coming section. 

• Galvanic coupled resistivity Mobile GCR sensors, use four-point method, 
consist of four wheels acting as electrode. Four-point arrangement is extendable 
by adding more pair of electrodes to get the readings at different depth variations. 
Depth sensitivity is controlled by the spacing and position of electrodes. The most 
common arrangement of the electrode is Wenner array equally spaced electrode 
in a straight line. Veris 3100 uses injected current of 100 mA and frequency of 
150 Hz and works with the two depths [193]. Six rolling electrodes are arranged 
in Wenner array. Spacing between the electrode is 24 cm for the shallow and 
72 cm for the deep measurement. Automatic resistivity profiling (ARP) is made 
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by Geocarta company in France. It operates at frequency of 225 Hz and arranges 
the rolling electrodes in trapezoid pattern [174]. The spacing between the current 
electrode is 1 m and that of between voltage electrode is 0.5, 1, and 2 m. 
GEOPHILLUS is an advance system from Germany operating at the frequency 
of up to 1 kHz [111, 142]. It uses 6 pairs of galvanic coupled electrodes arranged 
in an equatorial dipole-dipole array. First pair measures the electric current while 
other 5 pairs measure the voltage drop simultaneously. 

• Electromagnetic induction (EMI) EM38 instrument from Geonic Ltd., is one 
of the most popular mobile electromagnetic instruments in digital agriculture. 
Salam and Vuran [166] and Heil and Schmidhalter [77] recently gave the review 
of EM38 applications. Orientation and spacing of the coil, and frequency often 
affect the DOI characteristics. EM38 uses the inter-coil spacing of 1 m and 
provides the readings for magnetic susceptibility and electrical conductivity 
simultaneously. EM38-DD with the same inter-coil spacing uses two EM38. 
EM38-MK2 operates at frequency of 14.5 kHz and uses three coils with two 
receiver coils separated by 0.5 and 1 m from transmitter coil. Topsoil Mapper 
(Geo-prospectors, Traiskirchen, Austria) is the first EMI instrument which 
provides various interesting features specially for the digital agriculture. It can be 
mounted to the front of the tractor because of its ability to suppress interference 
from the metal. It can be used for the estimation of bulk density, water content, 
texture, real-time tillage control, and seed rate. 

• Capacitance and CCR sensors [3, 167] reviews the mobile sensors that use 
capacitive principle and galvanic coupling. Mobile capacitive coupled sensors 
(CCR) have been in the market for 10 years, however, their use in agriculture 
has been very limited. They work better than the galvanic coupled sensors in 
places where EC is very low and a mechanical contact is difficult. However, 
places where EC is high, receiver dipoles’ voltage becomes too small and its 
measurements are unreliable [7, 147]. Coaxial cable or metallic conductors are 
used as a capacitor plates. One pair is used to generate current in the ground 
and other is used to measure the potential distribution at the surface of ground 
[102, 165]. 

OhmMapper (Geometries Inc., San Jose, USA (http://www.geometrics.com/)) 
is a CCR system with capacitive coupling. It can continuously collect the data 
even at the short time interval of 0.5 s. A coaxial cable is divided into transmitter 
and receiver sections and both are of 5 m in length. An alternating current is 
generated by the transmitter at 16 kHz. It consists of a power supply, a datalogger, 
and rope separating two dipoles from each other. Distance and length of dipoles 
are used to measure the DOI. Distances can also be set arbitrarily. 

• Mobile TDR and GPR sensors GPR systems are available commercially in 
the market, however, only prototype of TDR systems can be found in the 
literature. Salam [141] and Thomsen et al. [198] study the modified version of 
stationary TDR with longer probes designed for stop-and-go measurements. For 
continuous mobile measurement, geometry of the traditional TDR probes needs 
to be modified along with the consideration of other aspects such as contact and 
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heating. Due to time taking data analysis, use of GPR in agriculture is for research 
purpose only. However, it is commonly used in geophysical and archeology. 


8.2.3 Soil Temperature Sensors 

• Thermal sensors One of the oldest sensor systems in agriculture are thermal 
sensor systems. Electrical and infrared (IR) thermometers are used to measure 
the temperature. Electrical thermometers need to be in physically contact with 
soil, whereas IR ones can be used for stand-off readings. Thermistor and 
thermocouple are the examples of electrical thermometers. Thermistor relies on 
change in resistance and thermocouple uses the thermoelectric effect. Electrical 
thermometers are cheaper and are integrated with various sensors systems such 
as TDR and EDR. An IR thermometer uses a lens to focus on thermal radiations 
emitted from an object onto a detector. The lens is sensitive in the range 
of 0.7-1.4 ijtm. Thermal properties such as volumetric heat capacity, thermal 
conductivity, and thermal diffusivity can be utilized for the mineralization, 
germination, and other growth related processes. 

• Heat-pulse sensors Heat-pulse sensors [29, 163] are primarily used for measur¬ 
ing the volumetric water content. Sensor consists of at least two probes: heater 
probe and a temperature probe (thermocouple). A heat pulse is applied at the 
heater probe and the temperature of the soil is measured at the temperature 
probe. This approach is dependent on the fact that specific heat of the water 
is higher than the other constituents of the soil. After applying the heat impulse, 
temperature depends upon the volumetric heat of the soil medium. More water 
content results in low temperature rise and vice versa. In commercial systems, 
heater probe and thermocouple are insulated in a porous matrix. Water potential 
of the soil should be same as of the matrix. By this assumption, the water 
content of the matrix becomes the indirect measure of the water content of 
the soil [133, 152]. Heat-pulse sensors have slow response and are sensitive 
to soil contact. Due to these reasons they are mainly used for the stationary 
measurements. A very less information is available on the continuous heat- 
pulse mobile sensors in the current literature. Authors in [9, 159] describe an 
approach of IR thermometer measuring the temperature variations in soil because 
of warming up by solar irradiation. 


8.2.4 Electrochemical Soil Sensors 

Electrochemical sensors are used to measure the chemical properties of the soil, e.g., 
nutrient content and pH level of soil. Electrochemical sensor can be categorized into 
potentiometric, amperometric, and electromechanical biosensors. The working prin¬ 
ciple is based on chemical interaction between the sensor and chemical component 
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of the liquid. The two most popular methods used for electrochemical sensors are 
ion-selective electrode (ISE) and ion-selective field-effect transistor (ISFET). The 
electrochemical sensors for pH use the combination of ISE and ISFET and fall into 
the category of potentiometer sensors. Salam [157] and Kim et al. [97] extensively 
review the potentiometer sensors. Their main advantage is that they directly measure 
the liquids’ ions concentration. 

The ISE system consists of a sensing membrane (glass, polyvinyl chloride, or 
metal) and a reference electrode both assembled in a single probe. The potential 
difference between both electrodes is measured and concentration of selective ions 
is estimated using Nemst equation (reference for Nemst). ISFET uses field-effect 
transistor technology along with the selectivity of ISE. The ion-selective membrane 
acts as a gate electrode and controls the current between the two semiconductor 
electrodes. ISFET differs from ISE in that it does not have internal solution and the 
ion-selective membrane is firmly attached on the gate. The pH ISE with antimony 
membrane is being used in on-the-go commercial systems for pH mapping [5, 100]. 


8.2.5 Soil Radioactive Radiation Sensors 

• Gamma ray sensors Gamma rays are produced from decayed nuclei of 
radioactive elements and have highest energy and lowest wavelength within the 
EM spectrum [59, 170]. There are naturally occurring nuclides in soil which 
emit gamma rays in the range of 0.4-2.81 MeV. Large amount of gamma rays 
is harmful that is why active gamma sensors are avoided due to high energy 
and ability of penetration into the material. Gamma ray detectors convert the 
incoming radiation into light photons which are further amplified by photomul¬ 
tiplier and detected by photodetector. Passive sensors detect the gamma photons 
released from radioactive decay present in the soil. Passive gamma sensing is 
very good for quick soil mapping because of already established technology, 
strong theoretical background, and robust instrument that can quickly collect 
data. 

In proximal sensing, gamma sensors are used as ex-situ systems in both 
continuous and stop-and-go mode with 90% of the radiations coming from upper 
0.3 to 0.5 m of the soil. Bulk density of the soil can affect the readings [112]. 
Many radionuclides occur naturally in the soil, however, only potassium C^^K), 
uranium (^^^U), and thorium ^^^Th are the ones producing gamma rays with 
sufficient energy and intensity. Radiation not coming from the earth are known 
as background and mainly come from radon (^^^Rn) [112]. 

Clay (soil texture) is usually correlated with the gamma count because K, U, 
and Th are incorporated by the major fraction of the clay, i.e., clay minerals 
[76]. Gamma count has also been formulated through indirect correlation to pH, 
organic carbon, gravel, and moisture [76, 154]. These indirect relationships are 
highly dependent upon relation of soil to other properties such as the total K in 
the soil. These relationships showed high spatial variability which mandated the 
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separate calibrations for each site. Heggemann et al. [76] proposed a general 
model for predicting soil texture fractions (clay, sand, silt) from non-linear 
support vector machine (SVM). Most of the studies counts only three regions 
(K, Th, Ur) and total gamma counts [137], however, some researchers also 
recommend to study full spectrum [206] . Though not much performance gains 
in prediction model are shown when the full spectrum is considered [137, 145]. 

• Neutron sensors Neutron sensors are used to measure the soil moisture. It 
can be classified as active and passive neutron sensors. Neutron probes (active 
sensors) use the waters’ moderator properties for neutrons. The high-energy 
neutrons from the sensors collide with the H nuclei of water. The number of 
neutrons scattered back at the device is directly proportional to the water content 
in the soil. More water content results in more neutrons scattered at device and 
vice versa. Neutron probes though accurate, however, are very expensive and 
their operation is strictly regulated by the law because of radioactive neutron 
source. Hence, they are rarely in use today. 

Cosmic-ray probes are the passive neutron sensors. They measure the low energy 
neutron (1 keV) generated within the soil by moderation of cosmic-ray neutrons 
[32, 171]. This moderation is primarily controlled by the soil-water content. 
This method provides a continuous and aboveground (without contact) method of 
monitoring of water content. Cosmic-ray neutron sensor can be used to measure 
the soil-water content over footprint 600 m and depth varies from 0.76 m 
(dry soils) to 0.12 m (wet soils). The depth of exploration is highly dependent 
on soil moisture. Soil moisture is calculated from neutron intensity using a 
universal function which is indifferent to changes in soil chemistry [32, 155]. 
Mobile probes, mountable on vehicles, are also designed for in-depth spatial 
investigation [32]. 


8.2.6 Mechanical Soil Sensors 

• Cone penetrometers Vertical cone penetrometer is a device that is used to 
measure the soil resistance to penetration, i.e., soil strength, as they are inserted 
to the soil. In agriculture, they have been used for a long time to detect the 
soil compaction [190]. Some of the soil properties that may affect the index 
of the cone includes bulk density, soil type, soil moisture, and structure of 
the soil [48, 164]. In 2000, Veris technologies were the first to design the 
stop-and-go automated cone penetrometers (Profiler 3000) for soil mapping 
[50, 144]. However, high variation of penetration resistance makes the soil 
mapping expensive [48, 149]. Therefore, systems with continuous mapping were 
more favored. 

There were three main approaches to use: (1) horizontal penetrometers to 
measure horizontal penetrations [8, 156], (2) use of draft force sensors and 
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vertical force sensors between tractor and tillage [78], and (3) measuring fuel 
consumption of tractor during tillage [23]. In a review of penetrometer and 
draft/vertical force sensors, [78] emphasizes that if soil texture and moisture is 
known then variation in penetration resistance can be understood in terms of 
bulk density. Mapping of bulk density has been done using the integrated multi¬ 
sensors system in [184]. 

• Tensiometers Tensiometer is the device used to measure the soil matric poten¬ 
tial, i.e., soil moisture tension. A matric potential is found in the water when 
the water in soil is under tension. The name, tensiometer, owes to its ability of 
measuring tension. It consists of a porous cup connected to manometer through 
a water-filled tube, vacuum gauge, pressure transducer, or any other pressure 
measuring device. The plant needs to overcome the tension to pull water from 
the soil. Tensiometer is advantageous in that they provide direct and easy to 
interpret measurements. However, its maintenance requirement is high and range 
of measurement is limited. They need to be protected in frost and embedded 
properly to establish good contact between porous cup and soil. They are not 
suitable for operation under —85 kPa and it takes several minutes to establish 
equilibrium between porous cup and soil matrix. Due to these reason, tensiometer 
should only be used as stationary sensors [143]. 


8.2.7 Other Sensors 

• Gas sensors Gas sensors are becoming popular for detection of acetylene. Plants 
emit acetylene in unsuitable conditions, e.g., drought or fungal infections. CO 2 
emission is analyzed to study the biological activities in plants. Non-dispersive 
infrared (NDIR) CO 2 sensors are used to detect simpler gaseous molecules such 
as CO 2 , SO 2 , and NO 2 . NDIR is affected by the cross-sensitivity of these gases 
in low concentration [95]. Electronic noses are used for assessing the complex 
molecules [160, 216]. 

• Capillary electrophoresis Capillary electrophoresis (CA) is used to separate 
solute ions from the liquid soil extract after applying electric field. Soil is put in a 
capillary tube and ions are identified from their time of travel inside the capillary. 
The tuning parameter for the setup contains selection of electrolyte solution, 
capillary’s’ length, and applied voltage to electrolyte. CA has been a commonly 
applied method in the labs, however, recent development in making portable 
systems is also being reported [153, 189]. The iMETOS Mobilab was recently 
released by Pessl Instruments GmbH. It is based on small and inexpensive 
microfiuidic chip CA and measures to NO^, PO 4 , and K+ (Weiz, Austria). 
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8.2.8 Integration of Proximal Sensors in Digital Agriculture 

• Sample preparation for the soil: Ideally, sampling is not required in proximal 
sensing. Due to the impact of several properties of soil on sensor, selectivity of 
a sensor is degraded. Unfavorable soil conditions, e.g., very dry soil, presence 
of plant residue, are also one of the obstacles in taking measurements. Hence, 
sample preparation can solve these issues [107, 168] 

• Calibration and measurement errors in soil sensing: As discussed, sensors are 
affected by various soil properties. EC of a soil is affected by water, clay content, 
and salt. In field, measurements can vary beyond control due to soil properties 
and other environmental factors. Data must be interpreted very carefully. Hence, 
a traditional lab analysis of the soil is advised for calibration of sensor readings. 

• Sampling design for calibration samples for soil sensing: Several studies have 
highly emphasized on the sample calibration for successfully translating the 
sensor measurement to soil fertility properties. Determining sampling site for the 
stationary sensors is easy whereas it is difficult for mobile sensors. Adamchuk 
et al. [4] provide an algorithmic solution and give three criteria for optimal 
sampling: (1) accounting for spatial separation to avoid readings from auto- 
correlated samples, (2) increasing spread of value for stability, (3) local spatial 
homogeneity so that sample fully represents the sampling site instead of being an 
outlier. Adamchuk et al. [4] and Salam and Vuran [165] also transformed these 
criteria into mathematical model. 

• Robustness, safety, ease of handling and economic efficiency: Due to deploy¬ 
ment in rough agricultural environment robustness and safety (protected cables 
and watertight plugs) of proximal sensors is a pre-requisite for daily usage. Some 
sensors (XRF systems and GCR) can cause serious injuries and operators need 
to be trained properly as a safety measure. It contributes towards the efficiency 
and safety of the users. 

• Integrating to decision-making algorithm: Sensor data alone does not make 
any sense. It gives information only when integrated into some decision-making 
algorithm. In digital agriculture, decision support system links the input data 
(temperature, moisture) to output (crop yield, profitability). These systems can 
help in decreasing effect of agronomic measures and can be used to do cost- 
benefit analysis. 


Future Trends 

Currently, commercially available proximal sensors capture very limited number 
of soil properties and that too with insufficient accuracy. New proximal sensors 
systems covering wide range of soil fertility properties and more accuracy are 
needed. These sensor systems must be affordable and manageable in order for the 
farmer to be comfortable to use them. Low-cost handheld sensors can be used to 
introduce farmers to the benefits of using digital agriculture. 
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A combination of multiple sensors is used to capture different properties of the 
soil. There is no single platform that combines multiple sensors capabilities. There is 
a need of establishment of reliable calibration database and protocols for evaluating 
the sensor data. It also allows to compare the sensors readings. Only few countries 
offer a scientific sound and robust decision-making algorithms to their farmer for the 
management purpose. Only ad-hoc approaches are being used in digital agriculture. 
These approaches have not been validated over a different range of conditions. 
Authorities have to support and establish guidelines for the promotion of sensor- 
based farming. 

Most of the mobile soil sensor data is evaluated offline. Due to the requirement 
of quick response in crop management, farmer demands a real-time management. 
There is a lot of uncertainty about the proper soil sensor usage due to which 
immediate rate of investment cannot be guaranteed to the farmers. However, 
digital agriculture must not be evaluated for only its economic potential. A lot of 
environmental benefits (avoiding pollution and erosion) associated to the adoption 
of digital agriculture. These benefits must be quantified to support farmers. Farmers 
and agriculture advisors do not want to waste their time in data calibrating, cleaning, 
and integration to decision support systems. They need smooth transition of raw data 
into information for decision making that too with robust and user-friendly systems. 
These systems must be flexible enough to work with various data formats. Decision 
support algorithms, e.g., for fertilizer recommendations are based on simple model 
and require few input parameters. Research in proximal sensing should start out by 
matching these simple models. However, proximal sensing can provide information 
which is neglected by the standard algorithms for best management. Advanced soil- 
crop model can integrate this information for further improvements. 


8.3 Remote Sensing 

Science of collecting data from the surface of the earth without direct contact is 
known as remote sensing. Remote sensors are the instruments that collect this 
information by detecting and measuring the reflected electromagnetic radiations. 
Platforms used to carry remote sensors include manned aircraft, satellites, and 
unmanned aircraft systems (UAS). Some sensors can be mounted on ground-based 
vehicle or may be integrated into handheld systems. Few factors which can be 
considered for selection of appropriate platform are: size of the area to be imaged, 
complexity of crop types, time, and cost. Manned aircraft-based sensors are also 
known as airborne sensors and satellite-based sensors are also known as spaceborne 
sensors. Different platforms should be evaluated for their suitability of and efficacy 
for digital agriculture applications [144, 147]. 

This section provides an overview of airborne imaging system and spaceborne 
remote sensors being used in digital agriculture. Remote sensors can broadly be 
categorized into two types: (1) imaging (cameras) and (2) non-imaging (spectrora- 
diometers). Imaging sensors give the vertical (nadir) view of the target area. As with 
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the proximal sensing, remote sensing is also passive (electro-optical sensors) and 
active (imaging radar) depending on the source of energy. However, active sensors 
can take measurement regardless of time of the day and season. Electro-optical 
sensors are the imaging sensors that detect and convert the reflected radiation to 
the electrical signals which then can be viewed as images on the computer. Electro- 
optical can detect the radiations of wavelength ranging from 0.3 to 15 iJtm. Most 
of the airborne and satellite remote sensors in digital agriculture are electro-optical 
sensors. In the coming sections, we discuss the advances in airborne and satellite- 
based remote sensors along with the examples, advantages, and disadvantages in 
digital agriculture [145]. 


8.3.1 Multispectral and Hyperspectral Imaging 

8.3.1.1 Multispectral Imaging Systems Using Industrial Cameras 

With overall advancement in imaging sensor technology, cameras used in multi¬ 
spectral imaging systems have also been evolved. Many commercial and customized 
multispectral systems have been developed and used for the different remote sensing 
applications such as cropland assessment, digital agriculture, and pest management, 
etc. [120]. Most systems provide 8-16 bit images with 3-12 narrow spectral bands 
in the visible to near infrared (NIR) region of EM spectrum [60, 218, 222]. 

Multispectral imaging systems are based on different approaches. One approach 
employs monochrome charged couple device (CCD) industrial cameras. Each 
camera in multispectral system uses different band pass filter. It gives advantage 
of individual adjustment of camera for focus and aperture settings. However, one 
disadvantage is that multiple band images need to be properly aligned. Another 
approach uses beam-splitting prism and integrates multiple sensors to achieve 
the effect of multispectral imagery. One example of such system is CS-MS1920 
multispectral 3-CCD camera (Teledyne Optech, Inc., Vaughan, Ontario, Canada). It 
uses 3 CCD sensors to produce images in 3-5 spectral ranges with EM spectrum 
range of 400-100 nm. In this approach, band images are aligned mechanically as 
well as optically. 

The four-camera imaging system developed by U.S. Department of Agriculture, 
Agricultural Research Service (USDA-ARS) consists of four monochrome CCD 
cameras, PC with frame grabber and image acquisition software [162, 218]. The 
camera uses spectral range of 400-100 nm and 12-bit data depth. Spectra-View 
by Airborne Data Systems, Inc. (Redwood Ealls, Minnesota USA) can accom¬ 
modate up to eight different cameras. These cameras can vary in size, format, 
and wavelength and contain global positioning system/inertia navigation system 
(GPS/INS) for precise geo-registration of the images. Spectra-View 5WT captures 
12-bit images in six (Blue, Green, Red, NIR, MWIR, LIR) spectral bands. A cheap 
alternative, Agri-View, can be used to capture same green, NIR, and red band as 
captured by Spectra 5WT. 
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Tetracam’s multispectral imaging systems (Tetracam, Inc., Chats worth, Califor¬ 
nia, USA) come in two product families: (1) Agricultural Digital Camera (ADC) 
and (2) Multiple Camera Array. ADC family is equipped with single camera along 
with fixed filters at red, green, and NIR wavelength. Some ADC systems (ADC 
Micro, ADC Lite and ADC) captures 8/10- bit images with 2048 x 1536 pixels while 
other (ADC Snap) captures 1280 x 1024 pixels. MCA family contains 4, 6, and 12 
cameras synchronized to take 8/10-bit images with 1280 x 1024 pixels in visible 
to NIR wavelengths. The family comes is two versions: standard Micro-MCA 
and Micro-MCA Snap versions. RGB-i-3 system by Tetracam has four cameras: 
one RGB and three monochrome cameras. RGB senses three broad visible bands 
and monochrome senses three narrow bands which are 680, 780, and 800 nm, 
respectively. Mcaw (Multiple camera array wireless), comes with a Linux computer 
system, a storage device for computations and six 1280 x 1024 snap shutter sensors. 
Each Tetracam’s systems has PixelWrench2 software which allows the editing of 
the images [164, 169]. 

Teledyne Optech produces RGB color cameras and thermal cameras both as 
standalone or integrated in the LIDAR (light detection and ranging) system. RGB 
CS-10000 and CS-LW640 are the examples of Teledyne’s RGB and thermal camera, 
respectively. CS-10000 has a resolution of 10,320 by 7760 pixels and CS-LW640 
comes with resolution of 640 x 480 pixels. Integrated with Orion C LIDAR system, 
CS-LW640 is a very powerful tool for 3D mapping of thermal features. 

FLIR and ITRES Research Ltd. also offers some thermal cameras. FLIR’s T600 
series cameras come with the resolution of 640 x 480 pixels and SC8000-series 
have the resolution of 1024 x 1024 pixels. TABI-1800 by ITRES research can 
differentiate temperature difference of 1/10th of a degree. 


8.3.1.2 Multispectral Imaging Systems Using Consumer Grade Cameras 

Low cost, compact size, data storage, and user-friendliness are some of the 
advantages that make a consumer grade camera an attractive choice for remote 
sensing. Consumer grade cameras are mostly equipped with CCD or CMOS sensors, 
and Bayer color filter mosaic for arranging the RGB color pixel [16, 80, 167]. 
Various mosaicing algorithms are used to interpolate complete RGB values for each 
pixel which aligns the three ban images perfectly. Therefore, these cameras have 
been used frequently by researcher for the agricultural purposes [6, 140, 166]. 

In remote sensing, images in visible and NIR bands are commonly used 
especially in vegetation monitoring. NDVI uses spectral information in NIR and red 
bands. Consumer grade camera uses filters to block UV and infrared light. These 
filters can be replaced by long-pass infrared filter to convert the consumer grade 
RGB camera to NIR camera and obtain NIR images. Some companies, e.g.. Life 
Pixel, provide services for conversion of camera. Long-pass filter of 720- and 830- 
nm are used to replace NIR blocking filter. All three channels can be used to record 
NIR radiation and any of the three can be used as NIR channel, however, red channel 
is mostly preferred because of best sensitivity. These NIR-converted cameras are 
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proved to be simple and cheaper tools for plant monitoring, crop monitoring, and 
stress detection [123, 217]. 

A cheaper and user-friendly imaging systems are required to capture geotagged 
images at varying altitudes on any traditional or agricultural aircrafts at normal 
airplane speed [222]. Agricultural aircrafts are readily available platform for 
airborne remote sensing. If equipped with imaging system, they can be used to get 
aerial imagery for various applications such as monitoring, detecting stress, and 
analyses of aerial applications usefulness. Aerial imaging and aerial spraying must 
not be done simultaneously to avoid contamination of camera. 

A USDA-ARS single-camera uses Nikon D90 camera (Nikon Inc., Melville, 
New York, USA) to capture color images of up to 4288 x 2848, geotag the image 
and is equipped with LCD monitor to view live image. For dual-camera system, it 
uses another same D90 camera but modified to NIR camera. Giga T Pro II wireless 
timer remote receiver (Hahnel Industries Ltd) and a transmitter is attached to the 
camera to start and stop the image capturing. Both cameras can be mounted on the 
aircraft with little or no modification [210, 219]. USDA-ARS also produces two 
other systems: one consists of two Canon (Canon USA Inc.) EOS 5D Mark III 
cameras to capture images up to 5760 x 3840 pixels; other system by USDA-ARS 
consists of two Nikon D810 cameras to capture images up to 5760 x 3840 pixels. In 
both of the systems, one camera is used to capture RGB color image and the other 
is converted NIR camera with 830-nm long-pass filter. Both systems use the same 
sensor size (36 x 24 mm) and focal length (20 nm). Cost of each system is around 
6500 USD [172,217, 222]. 

Due to increasing demand of light-weight and cheaper imaging systems, many 
consumer grade camera systems are being converted to capture B-G-NIR or G-R- 
NIR images using single sensor. LDP LLC, for example, provides either of the 
modified cameras or services for modification. Both cameras can also be used 
simultaneously and images can be aligned to create five band images. However, 
unlike NIR-converted cameras, these cameras may suffer from light contamination 
depending on filters and algorithms used for the band separation. Salam [156] and 
Rabatel et al. [130] converted a standard RGB camera by replacing NIR blocking 
filter with long-pass filter to obtain NIR and R bands. However, spatial resolution of 
the image is reduced due to smoothing effect in the process. 


8.3.1.3 Hyperspectral Imaging Systems 

Hyperspectral imaging system can capture images in tens to hundreds of narrow and 
spectral bands from visible to thermal spectral regions. The airborne visible/infrared 
imaging spectrometer (AVIRIS) was the first hyperspectral imaging system devel¬ 
oped by Jet Propulsion Laboratory and proposed to NASA in 1983. It consists of a 
flight system, ground data system, and a calibration system. It captures images in 
224 continuous spectral bands under solar spectral region of EM spectrum. Different 
detectors are used which are separated by four panels of wavelength ranging from 
400 to 2500 nm. It provides 12-bit spectral data (AVARIS). The AVARIS system has 
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been extensively studied and improved over the time to meet the requirements of 
the scientists for the research and application purposes. Green et al. [73] provide the 
overview of AVARIS sensor along with its various scientific applications [143,160]. 

HyMap is another popular hyperspectral imaging sensor developed by Integrated 
Spectronics Pty Ltd. (Sydney, Australia). Initially, it was used for mineral explo¬ 
ration with 96 channels in the 550-2500 nm spectral range [35, 151]. Current 
HyMap uses 128 bands in the spectral range of 450-2500 nm. The system is 
mounted with 3-axis gyro stabilized platform for reduced image distortion. Sensor 
can capture up to 512-pixel images with spatial resolution of 3-10 m for agricultural 
applications [43, 68, 211]. The compact airborne spectrographic image (CASI) was 
the first programmable hyperspectral sensor first introduced in 1989 by ITRES 
Research Ltd. It allowed user to collect the data in specific band and bandwidth by 
programming the sensor. CASI-1500H, a lighter and smarter design, captures 14-bit 
images at 288 bands in the spectral range of 380-1500 nm. SASI-IOOOA captures 
1000-pixel images at 200 bands in spectral range of 950-2450 nm. MASI-600, first 
commercial system, is available with 600 pixels and 64 bands in the spectral range 
of 3-5 jjtm. TASI-600 is a hyperspectral thermal sensor which captures 600 spatial 
pixel images and 32 bands in the spectral range of 8-11.5 nm. 

Commercial hyperspectral imaging systems have become advanced with 
improved spatial and spectral resolutions and improve GPS units for position 
accuracy. Specim’s AISA hyperspectral systems (Spectral Imaging Ltd., Oulu, 
Finland) is available with spectral ranges from 380 nm to 12.3 |jim. It covers 
VNIR, SWIR, and thermal LWIR spectral ranges. Specims ASIA family of 
hyperspectral systems include: AisaKESTREL 10 (spectral range of 400-1000 nm), 
AisaKESTREL 16 (spectral range 600-1640 nm), AisaFENIX and AisaFENIX IK 
(spectral range of 380-2500 nm), and AisaOWL (spectral range of 7.7-12.3 jjtm). 
All systems come with a GPS system for accurate positioning [152]. 

Headwall Photonics, Inc. (Fitchburg, Massachusetts, USA) manufactures hyper¬ 
spectral imaging sensors for UV to visible, VNIR, NIR, and SWIR in the spectral 
range of 250-2500 nm. It also produces VNIR-SWIR sensor with spectral coverage 
of 400-2500 nm. It can capture 1600-pixel swath image at hundreds of bands. 
USDA-ARS in College Station, Texas, uses hyperspectral imaging system with 
VNIR E-Series imaging spectrometer, a GPS/INS unit, and hyperspectral data 
processing unit. It can capture 16-bit images within 923 spectral bands, 1600-pixels 
of swath in the wavelength of 380-1000 nm [161]. 


8.3.2 Future Trends 

This section discusses some of the challenges and future directions for remote 
sensing. First challenge is that growers do not know about the availability of imagery 
in the fast changing market; they do not know what type of imagery to select and 
how to order imagery from the archived data for their particular application. Image 


272 


8 Signals in the Soil: Subsurface Sensing 


providers and different vendors must develop easy instructions for customers and 
growers to select and order appropriate imagery. Timely acquisition and delivery of 
the images is also one of the challenges. 

Numerous literature exists on processing and conversion of imagery into useful 
information and map, however, there exists no standard procedure for converting 
imagery to vegetation index maps, classification and prescription maps. There 
are many image processing software with different capabilities, complexities, and 
prices. However, grower may have difficulty in choosing a particular software. 

There is a dire need of practical guidelines for the growers and other end users for 
the conversion of images to appropriate agricultural maps. Researchers need to focus 
on this area. Users having some familiarity with GIS and image processing must 
be able to select and use appropriate software with the help of documentation and 
tutorial. If a grower cannot learn these skills, they can use commercial services to 
process their images and create the relevant maps. Some dealers do provide services 
of image acquisition, prescription map creation, and variable rate application. 

Environmental changes in agriculture may result in large variations in soil 
moisture, plant nutrition, crop growth and yields. Fast crop canopy changes need 
continuous crop monitoring [180]. Remote imagery and satellite imagery have been 
successfully used in crop prediction. However, coarse spatial and temporal reso¬ 
lution makes their application in agriculture very limited. Airborne multispectral 
(e.g., [220, 221] and hyperspectral [45] have been used to monitor crop condition 
and yield. 

The recent development in small unmanned aerial systems (UASs) makes agri¬ 
culture sector a largest commercial market for its use and it will see an increase of 
80-90% in market share (Association of Unmanned Vehicle Systems International, 
2013). Cost-efficient, ultra-high spatial imagery, and easy image acquisition makes 
UAS an ideal option for crop monitoring. It is also known by various different 
names: unmanned aerial vehicles (UAVs), drones, unmanned aircraft systems, and 
remotely piloted vehicle [122]. 

Applications of UAS in agriculture include: monitoring of physiological char¬ 
acteristics of crops, leaf area index (LAI), disease and crop stress, monitoring of 
crop growth [19], yield, removal of rainwater [228], spraying fungicide, herbicide, 
and pesticide [125, 161], air broadcasting of seeds [106], and measuring of crop 
and environmental parameters (temperature, humidity, etc., [136]). There remains 
a security and privacy concern regarding the civilian use of UAS, however, its use¬ 
fulness has already been established among the public specially in the agricultural 
sector [66] . 


8.4 Soil Sensing from the Air 

Airborne imaging systems are relatively cheaper, provide high spatial resolution, 
and have the ability to obtain data in visible to shortwave infrared (SWIR) region 
of EM spectrum [98, 115, 141]. There are two type of imaging systems: (1) 
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multispectral and (2) hyper spectral. They differ in spectral bands and bandwidth. 
Multispectral uses 3-12 and hyperspectral uses tens to hundreds spectral bands 
to measure the reflected energy. Imagery from hyperspectral has great details of 
spectral bands and multispectral is great in detecting subtle difference among similar 
objects. We will discuss in detail the airborne multispectral and hyperspectral 
imaging systems in coming sections. 

UAVs are comprised of two main components: UAVs and sensors. UAVs 
act as a platform for the sensors. UASs can be classified into two categories: 
(1) fixed-wing, (2) rotatory-wing 1171, 176]. Fixed-wing has long range and is 
faster, however, ideal takeoff and finding landing spot for them are a challenging 
task. On contrary, rotatory-wing UASs have short range and flight duration but 
improved maneuverability. In addition to the sensors, platform may be equipped 
with the global navigation and satellite system (GNSS) and an inertial management 
unit (IMU). GNSS provides information about the position of the platform and 
IMU provides information about the altitude of the platform. This information is 
integrated with the autopilot system to adjust the course of the flight. 

One of the challenges in operating UAS is the restriction put by a country on 
their operation. Canada, for example, does not allow to fly a UAS more the 90 m of 
height which gives the images with small footprints. This makes it difficult to map 
a large crop field especially when the average crop field size was 315 ha in Canada 


in 2010. 


Figure 8.2 shows variety of sensors and cameras are available for UAS. The 
performance of both, multispectral and commercial, cameras is very good 174,149]. 
Although, data quality is a concern for the commercial camera 1214], however, its 
low cost for data acquisition makes it an appealing option for agriculture. Simple 
RGB camera is not only cost-efficient but also a powerful tool for monitoring 
plant condition and plant phenology 171]. Consumer grade cameras are sensitive 
to illumination, hence they either must be used under stable lights or adjustment 
should be made with variable illumination 1131, 142]. 
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8.4.1 Flight Planning 

8.4.1.1 Image Acquisition 

Most UASs are using autopilot flight planning for image acquisition. A flight plan 
includes: area, height course, and speed of the flight, camera setting, forward and 
side lap; and it is generated using a planning software. Manual control is also 
possible, however, may cause issues with image post-processing. High-resolution 
images or high-scale map is shown as a background for the planning and it is stored 
prior to held trip. GNSS and IMU data are also recorded which assist to determine 
image center position and camera orientation estimations [163, 188, 214]. All data 
are initially stored in a storage device in UAS and must be downloaded to the 
computer for further usage and processing. 

The altitude of the flight determines the spatial resolution of images; lower 
altitude, e.g., 100 and 120 m are common, gives images with the high spatial 
resolution. For some tasks, e.g., weed mapping, a much lower altitudes (30 m) 
are also used which results in much higher spatial resolution. However, altitude is 
also limited by aviation regulations. Flight altitude does not affect Vis, however, it 
greatly influences the image segmentation with mixed pixels in images with higher 
altitudes [131, 148]. Four pixels are necessary to identify and And ground object. 

Image overlapping is also an important factor to consider for flight planning. 
Salam [158] and Colomina and Molina [36] suggest to set the minimum value 
of forward and side overlap to 80% and 60%, respectively. High image overlap 
is recommended to avoid mismatch between estimated and actual ground image 
[170, 214], assist in identifying common points in image pair, and minimize the 
impact of bidirectional reflectance by allowing image processing software to extract 
the central points of the image for image mosaic [89, 146]. 

Prior to image acquisition, researchers have used ground control points (GCP), 
as an artiflcial target, for spectral calibration. It is recommended to use minimum of 
three GCPs evenly distributed covering the whole study area [188]. Position of these 
GCPs should be measured using a total station or differential GNSS to guarantee 
positional accuracy of image mosaic [47, 157]. 


8.4.1.2 Image Processing 

Various photogrammetry algorithms are used to rectify and mosaic images. After 
downloading images and logs, initial position and orientation estimates are deter¬ 
mined using log flies. Ortho-rectifled mosaic is generated using various photogram- 
metric software (e.g., GeoLink [181] and MicMac [13]). Structure from Motion 
(SfM) photogrammetry has recently become popular for many UAS applications. 
It uses bundle adjustment algorithms for establishing the structure of the scene, 
internal and the external orientations [1, 154, 188]. SfM has advantages of having a 
simple processing workflow, ability to calculate the camera position, orientation. 
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and scene of the geometry from overlapping images only, not requiring camera 
calibration parameters and lastly, getting height from two-dimensional images 
[188]. Pix4Dmapper [131, 155], Agisoft PhotoScan Pro [19], and Automatic 
Photogrammetric Software are some of the commercially available SfM software. 
Freely available SfM Web services include Autodesk 123D Catch and Microsoft 
Photosynth. However, both services were discontinued in 2016 and 2017. Bundler, 
VisualSFM, Multi-View Stereo (PMVS2), and Ecosynth fall under the category of 
open-source SfM packages. Although they have been criticized for their computa¬ 
tional time and reliability, their performance is sometimes found to be at par with 
some of the commercially available options [100, 188]. 


8.4.1.3 UAS Image Applications in Digital Agriculture 

Researchers have been using UAS imagery for extracting glut of agricultural data. 
UAS imagery data includes: plant height, crop biological parameters, and plant 
stress. 

Plant height is a key indicator for predicting many parameters such as: crop 
biomass and yield potential, growth, treatments and stress monitoring, underlying 
biophysical, ecological, and hydrological processes [19, 71, 150]. Plant height can 
be derived from LiDAR or SfM-based photogrammetry. Terrestrial laser scanning 
(TLS) accurately measures plant height for modeling of crop surface and growth 
monitoring [185, 197, 199]. 

Although Direct DEM product of SfM produces a digital surface model, 
vegetation canopy points can be filtered from point cloud to obtain ground surface 
elevation point (DTM). Separating ground from non-ground points helps in esti¬ 
mating biomass and other relevant parameters [1,71, 188]. However, separation of 
vegetation information has been only partially successful [64, 159]. DTM can also 
be extracted using UAS before and after growing season [19]. SfM-based heights 
are found to be more accurate than the TLS-based heights. Moreover, lower altitudes 
(e.g., 40 m) give more accurate crop heights [86, 153]. 

Many studies have shown the application of UAS in monitoring crop biological 
parameters. Information from UAS imaging has been used for evaluation of plant 
growth, biomass, physiological changes, stresses, and many other crop biological 
properties. LiDAR, thermal, and hyperspectral sensors are used in this type of 
research. The biological parameters are highly effected if crop is stressed (water, 
diseases, and infection from pests, etc.). 20% of irrigated land of the world has high 
salt concentration [117]. It can cause stomatal closure, decreased photosynthesis, 
increased leaf temperature [177]. Crop stress can be monitored by the data from 
periodic thermal and visible to NIR UAS imaging during the growth season. 

Thermal UAS imaging can be used to measure temperature for calculating crop 
water stress index for leaf anomalies [18, 81]. Thermal remote sensing is also used 
to measure the soil moisture and texture, crop residue cover, field drainage tiles, and 
yield [96]. Apart from remote sensing, optical sensing can also be used to identify 
plant conditions. Nutrient deficiencies in plants make them more susceptible to 
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herbivores pests [168,177]. Optical UAS images have been used to detect symptoms 
for plant nutrient deficiencies [34, 183]. 

Weeds compete with the crops for the natural resources, e.g., solar radiation, 
nutrition, and water. Site-specific weed management can decrease the cost of crop 
production and lower the environmental impact. Ultra-high resolution UAS images 
help in early and late season detection of weed’s species, density, and patches [127, 
128]. Due to spectral similarities between weeds and crops, hyperspectral sensors 
are more useful than multispectral sensors [109]. UAS imaging have been used in 
assessing disease development, atmospheric pathogen development and monitoring, 
and precision spraying [11, 100, 165]. However, UAS-based sensing for assessment 
of diseases is still not in the mature stage [144, 147, 177]. 


8.4.1.4 Image Analysis 

Prior to analysis of UAS images, some categorical information, e.g., crop type, 
lodged crop, stressed crop ,etc., needs to be extracted. Many researchers adopt 
classification methods while doing qualitative analysis for assigning different class 
labels. These classification methods can be supervised or unsupervised methods. 
Some machine learning algorithms are also developed for segmentation of vegeta¬ 
tion and bare soil [53]. 

For quantitative analysis. Vis are computed to find relation between spectral and 
field biological data [88]. Digital numbers. Vis, and reflectance can be linked to 
crop biological and environmental parameter. Most common VI, NDVI, is used 
to measure biomass, nitrogen content, chlorophyll content, and other biological 
parameters. Soil adjusted VI is used to amplify spectral difference between vege¬ 
tation and soil [185]. RGB camera-based Vis (Green NDVI, Excess Green Index 
(ExG), Green Ratio VI) proved to be a good indicator of leaf area, pigment content, 
and canopy structure [131]. Some Vis are also used to detect vineyard water stress 
[14, 141, 163]. Studies have indicated that Vis derived from UAS are comparable to 
those derived from other remote sensing method (e.g., satellite and manned aircraft) 
and also provide more spatial details. 


8.4.2 Future Trends and Conclusion 

UAS has become very popular option for monitoring of crops’ biological and envi¬ 
ronmental parameters, however, they are relatively expensive option. There exists 
no straightforward procedure for image interpretation, processing, and analyses 
and it requires considerable amount of expertise and skilled technicians to use 
this option [13]. A straightforward and an automated tool should be developed 
for wider adoption of UAS in agriculture [185]. UAS may not be able to cover 
large enough area which can cause technical difficulties. Furthermore, advancement 
and development of UAS technology also rely on loosening of aviation regulations. 
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Local producers must be educated on what cost-effective UAS options are available 
to them. Due to involvement of different equipment’s and requiring high technical 
expertise from different area, a group of researcher can be formed to raise awareness 
among farmers on using these systems [185, 227]. Farmers, either as a group or 
individually, can also hire the consultancy service to receive proper guidance [227]. 


8.43 NASA Soil Moisture Active Passive Mission 

NASA sent a Soil Moisture Active Passive (SMAP) satellite for research purpose 
carrying an L-band radiometer (resolution = 40 km) on January 31, 2015. This 
satellite was capable of detecting passive microwave radiation emitted by the Earth. 
It was also equipped with the radar (resolution km) for sending microwave to 
the surface of the earth and detecting the reflection. The mission was to measure soil 
moisture and detect water freeze/thaw states. Backscatters from radars were affected 
by the vegetation, bodies of water, and surface irregularities. Therefore, signals 
from radiometers and radars were combined to get soil moisture reading within 
9 km resolution [58, 197]. The radar amplifier was failed on September 2, 2015, 
because of which it stopped working. However, NASA was successful in getting 
images of 20 km resolution by using different methods such as interpolating and 
de-convolution and also the oversampling of radiometer. Another approach can read 
image of 1 km resolution by applying active-pass algorithm to the images from other 
radars [126,162]. The mission’s data plays an important role in developing weather, 
soil moisture model, and carbon cycle but SMAP accuracy is major concern. 


8.4.3.1 Cosmic-Ray Neutron Probes 

A neutron probe is an amalgamation of beryllium and a radioactive material which 
releases high- and low-speed neutrons. High-speed neutron collides with light 
hydrogen atom to produce a high amount of energy, whereas low-speed neutron 
forms a cloud whose density is directly proportional to the soil-water content, e.g., 
dry soil will create a less dense cloud, fewer low-speed neutron, and less amount 
of water [134]. Cosmic-ray neutron probes (CRNP) work on the same principle. 
High-speed neutrons are produced by cosmic rays coming from space and can 
reach several hundred meters. Soil moisture is inversely proportional to the effective 
depth. However, while calibrating the instruments, it is very important to consider 
the other hydrogen sources, e.g., decomposing soil organic component and humus, 
and need average in-situ soil moisture measurement and neutron intensity [124]. It 
is also important to properly follow security and safety infrastructure to avoid any 
radiation hazard while CRNP [17, 30]. 

Franz et al. [65] did a comparative investigation for soil-water content (SWC) 
readings taken by in-situ time-domain transmissivity (TDT) sensors and CRNP. The 
mean absolute error of 0.0286 m^/m^ was measured. However, while taking SWC 
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measurement from TDT sensors, the sensors were not permanently installed in the 
field due to their sparse distribution. Similarly, readings from CRNP do not include 
vegetation type. 


8.4.3.2 GPS Interferometric Reflectometry 

Global positioning system (GPS) also uses L-band microwaves. GPS interferometric 
reflectometry can detect conditions like snow depth, soil moisture, and vegetation 
water content. To does so by detecting the temporal changes in SNR of line-of- 
sight (direct wave) and multipath reflected component [31, 172]. Soil permittivity 
affects the reflected wave and can change frequency, phase, and amplitude of the 
signal. These signal snapshots are referred to as interferograms. Geodetic-quality 
GPS antennas can detect soil moisture from a very small distance (2-5 cm) from the 
surface. It is fixed on airborne devices. However, one disadvantage of the scheme 
is that it highly dependent on constellation of GPS satellites. These satellites move 
around the earth few times a day, hence limiting the number of estimations [124, 
168]. 

8.4.3.3 Wireless Sensor Networks 

Precision irrigation applications require high spatio-temporal resolution for proper 
working which is provided by the sensor networks. Wireless communication helps 
in providing remote information access. This information is provided in real-time so 
that manual manipulation can be avoided to get an idea about the field conditions. 
Dong and Vuran [49] used small amount of sensors for measuring soil moisture 
because of precipitation duration and rainfall cell radius magnitude. 

Vereecken et al. [207] discuss various techniques for estimating exact location of 
the sensor nodes. In general, examining different soil properties with varying soil 
moisture level can give an average soil moisture value for the field. Delgado and 
Martinez [44] calculate location-specific solar radiation intensity values to estimate 
the evaporation rate corresponding to that certain location. A mobile application 
is used for this approach. The calculations matched the reading from agriculture 
station which helped in generalizing the result to all those locations which have same 
radiation conditions. Sensor cluster is then placed in chosen area with following the 
recommendations given in [49, 164, 169]. 

The primary task in the WUSN is to determine number of sample readings. It 
is important because sensing and communicating data consumes large amount of 
power [49, 166]. Shallow roots and high porosity cause speedy water infiltration 
and evaporation in soil. Therefore, large sampling rate is needed to overcome this 
highly fluctuating effect. 
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8.5 Soil Moisture Sensors Calibration 

Extensive research is being done in designing efficient and accurate soil moisture 
sensors for the irrigation applications [40, 62, 91, 101, 129, 139, 142, 229]. The aim 
is to avoid financial losses because of over- and under-irrigation. The studies help 
in (1) selecting accurate soil moisture sensor based on the soil texture, (2) error rate 
of the sensor, and (3) using calibration method that can help in accurate decision 
making. The adoption rate of sensing technologies has been very slow not only in 
America but globally as well. For example, in the United States, Nebraska leads the 
sensors adoption rate by 30.5% in 2013 [204]. Nebraska has taken a firm position 
in agricultural water management. The organizations like Nebraska Agricultural 
Water management (NAWMN) [92] spread the farm-level technologies among 1500 
collaborators to increase the adoption rate among stakeholders, i.e., producers, 
advisors, and crop consultants, etc. However, there is still need to improve the 
agricultural use and management of water given the fact that on 11.2% of the United 
States farms use soil moisture based sensor devices [171, 204]. 

About 90% of farms in the United States do not adopt science-based irrigation 
water management technologies which raises the questions about the effectiveness 
of ongoing research. The major challenge in soil moisture adoption rate is the 
lack of well-defined guidelines to train users to understand and what to expect of 
technology. When one has to choose from multitude of available sensors, it can 
cause uncertainty due to different soil textures, therefore, suitability is an important 
aspect to look for while increasing the adoption rate. In addition to accuracy, 
operational feasibility, e.g., financial, ease of operation, durability and logistic 
features of a sensor are also very important. Although, accuracy is the primary 
concern for scientific users, however, operational feasibility plays an important role 
in changing preferences of commercial in selecting sensors. For example, a field 
with high spatial variability will require many sensors in to cover multiple sites and 
labor to deploy those sensors. Therefore, operational feasibility parameters (time, 
cost, and labor) will be important inputs to consider, in addition to accuracy, while 
implementing the system [150, 160]. 

In coming sections, a framework is provided to evaluate the sensors on the 
basis of accuracy and operational feasibility. A total of nine commercially available 
sensors are used along with the two different soil types: Silt loam and sandy soil. 
Two different orientations of sensing equipment, i.e., horizontal and vertical to 
ground surface, are used. Finally a decision-making guide is presented to help 
selecting the sensors on the basis of accuracy and operational feasibility [144, 149]. 


8. 5 .1 Materials and Methods 

• Experimental Sites: Outdoor field experiments were conducted in two sites with 
each having different soil types (sandy and silt loam) in Nebraska during growing 
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Table 8.2 Experiment site details [101] 


Site features 

Site 1 

Site 2 

Location 

University of Nebraska-Lincoln 
South Central Agricultural 
Laboratory (SCAL), near clay 
center, Nebraska 

Central City approximately 

10 km north of the Platte 

River, Nebraska 

Average annual precipitation 

730 mm 

732 mm 

Average growing season 
precipitation 

437 mm 

464 mm 

Soil type 

Well-drained Hastings silt loam 
soil 

Deep, moderately drained, 
and moderately permeable 
loamy sand 

Soil field capacity (FC) 

0.34 m^ m-3 

O.lOm^m-^ 

Soil permanent wilting point 
(PWP) 

0.14 m^ m“^ 

0.05 m^ m“^ 

Crops grown 

Field maize and Soybean 

Buffalo grass and tall fescue 

Size of the field 

16.5 ha 

70 ha 


season of 2017 and 2018. Rest of the discussion will refer these sites as per the 
soil type, i.e., sandy and silt loam. These two soil types provide an opportunity 
for sensor evaluation in irrigated and rainfed agricultural systems. Table 8.2 lists 
the important details pertaining to both experimental sites. 

• Sensors: As discussed earlier, a total of nine sensors. These nine sensors 
were evaluated in two sets of each sensor: horizontal orientation and vertical 
orientation. The only exceptions were JD multi-sensor probe and TDR315L 
(Acclima) because that can only be used vertically and horizontally, respectively. 
Following sensors were used for the experimentation [20, 46, 52, 67, 72, 110, 
114, 182, 194, 200, 201, 205, 208, 215, 224, 225]: 

- TrueTDR-315L (Acclima, Inc., Meridian, ID) 

- CS616 (Campbell Scientific, Inc., Logan, UT) 

- CS655 (Campbell Scientific, Inc., Logan, UT) 

- 5TE (Meter Group, Pullman, WA) 

- SM150 (Delta-T Devices, Cambridge, U.K.) 

- lOHS (Meter Group, Pullman, WA) 

- John Deere (JD) Field Connect (John Deere Water, San Marcos, Cal.) 

- EC-5 (Meter Group, Pullman, WA) 

- Dielectric Water Potential-based SensorTEROS 21 (MPS-6) (Meter Group, 
Pullman, WA) 

The first three are time-domain refiectometry (TDR)-based sensors and others 
are capacitance-based sensors. The sensors measure volumetric water content 
(Oy) (m^ m“^%vol) except TEROS 21 (MPS-6), which gives soil matrix potential 
(^m) (kPa) and is converted to Oy by soil-specific soil-water release curves given 
by. 
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• Reference (True) Moisture Measurement: Reference soil moisture values Oy 
(Oyref) have been measured using Troxler Model 4302 neutron probe (NP) soil 
moisture gauge (Troxler Electronic Laboratories, Inc., Research Triangle Park, 
N.C.). All other sensor values are calibrated on the basis of NP measurements. 
Factory calibrated NP measurement is correlated with gravimetric-sample deter¬ 
mined 6y to develop site-specific calibration using following equations: 


y = 0.9061V -h 0.0354 


( 8 . 2 ) 


y = 1.0848V -0.0246, 


(8.3) 


where y is Oyref^ ^ is Oy and Eq. (8.2) and (8.3) are measures calibration for silt 
loam and sandy soil, respectively. 

• Installation Specifications: Sensor output accuracy is also dependent upon how 
they are installed in the field. Four soil type-orientations were referred as: silt 
loam H, silt loam V, loamy sand H, and loamy sand V, where H and V represent 
the vertical and horizontal orientation. For horizontal orientation (silt loam H, 
loamy sand H): soil pits were dug on both sides of sensors in furrow (silt loam 
soil) and grassed area (loamy sand soil). Sensors were installed parallel and 
perpendicular for horizontal and vertical orientation, respectively. The distance 
between the sensors is kept such that one sensor may not affect the readings 
from other sensor. For vertical orientation, distance between the horizontal plane 
and the ground surface is kept 30 and 50 cm for silt loam and loamy sand soil, 
respectively. The JD probe uses different orientation because of its distinguishing 
characteristic of being a multi-depth probe and is compared with NP probe at 
multiple depths (10, 20, 30, 50, and 100 cm). 

• Soil Moisture Data Measurement and Retrieval: Dataloggers are used to collect 
data from the sensors about soil moisture every minute and hourly averages. Only 
in the case of JD probes, telemetry was used to collect data. NP measurements 
were taken every week throughout growing season. 

• Statistical Analysis: For performance evaluation of sensors, root mean squared 
error (RMSE, m“^) is computed as follows: 



(8.4) 


where n is total number of observations. Mi is sensor values, and Et are 
corresponding NP-probe measure values. RMSE value is used as absolute value 
of error for a particular sensor. 

• Evaluation Metrics: The two metrics used for the each sensor evaluation are: 
Operational feasibility and performance accuracy. The next two sections briefly 
explain how sensors are evaluated for these metrics. 




282 


8 Signals in the Soil: Subsurface Sensing 


8.5,2 Operational Feasibility 


Operational feasibility of a sensors can be expressed by the following four charac¬ 
teristics: 

• Telemetry. Telemetry (TM) refers to real-time access of soil moisture data from 
the site on mobile or web platforms which is transmitted using some terrestrial 
or radio system. It prevents users from labor and time investment of going 
physically to the site and monitoring water profile of the soil [157]. The TM 
information is quantified by following equation and referred to as Score \: 


Scorei = 


0 

100 


No TM 
With TM 


(8.5) 


• Sensor Cost. Sensor cost plays a very important role in selection of sensor. The 
absolute cost of sensor (Table 8.3) is quantified and rescaled to scale of 0-100 to 
be consistent with other factors scores and is represented by Score 2 as follows: 


Score 2 = 100 — 


/ MaXscaled ^l^scaled 
V MaXcost - Min cost 


^{Sensorcost - Mincost) + Minscaled. 


( 8 . 6 ) 


where MaXscaled and Minscaled are extremes of score metric (0 and 100), and 
MaXcost and Mincost are extremes of absolute cost of sensors in USD. Cheapest 
sensor will have the score of 100 and expensive sensor will have score of 0. 

• Cost of Sensing and DataLogging. Accurate sensing and datalogging after fixed 
intervals (e.g., 30-60 min) is an important part of sensor operations. It gives daily 
status as well as the historical soil moisture data for decision making and scrutiny 
of data for quality purposes. Therefore, Eq. (8.7) and (8.8) give the total cost of 
sensing and datalogging with and without TM, respectively: 

Total Cosij^oTM = Sensor Cost DL cost (8.7) 


Total Cost^M = Per sensor cost DL cost TM cost (8.8) 

The total cost of the sensor (Table 8.3) is quantified and rescaled as Scores using 
method similar to used in Score 2 computation as follows: 


Scores = 100 — 


/ MaXscaled - Minscaled \ 
\MaXTotalcost ~ Minjotalcost / 


x{TotalcoSt - Minjotalcost) + Minscaled, 


(8.9) 
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Table 8.3 Prices (in USD) of sensors and corresponding dataloggers as on March 2019 [101] 


Sensor 

Sensor cost ($) 

Sensing and logging cost 
($) (No TM) 

Sensing and logging cost 
($) (TM) 

CS655 

228 

1928 

2378 

CS616 

148 

1848 

2298 

SM150 

230 

1590 

3590 

lOHS 

128 

624 

1274 

EC-5 

120 

616 

1266 

5TE 

225 

721 

1371 

TEROS 21 (MPS-6) 

225 

721 

1371 

ID Probe 

193 

1193 

2193 

TDR315L (Acclima) 

295 

670 

N/A (not available from 
manufacturer) 


where MaXscaled and Min scaled are extremes of score metric (0 and 100), and 
MaxTotaicost and Minrotaicost are the extremes of absolute total cost of sensors 
in USD (Table 8.3). Cheapest sensor will have the score of 100 and expensive 
sensor will have score of 0. 

• Ease of Operation. Ease of operation can be assessed by measuring ease of 
interaction with users at various stages. The stages can be categorized to setting 
up datalogger, collecting data from datalogger and post-processing the data. The 
following Scores, for this factor is quantified based on the factor if in a sensor 
datalogger comes with a graphical user interface (GUI) and if post-processing of 
data is needed for the sensor: 


Scores = 


0 

100 

50 

1 


No GUI 

GUI, no data post-processing 
GUI, require data post-processing 


( 8 . 10 ) 


All scores apply to any orientation and soil type and remain unchanged if site- 
specific calibrations (S.S.C.) or factory calibrations (F.C.) are used. 


8.5.3 Performance Accuracy 

The performance accuracy shows the ability of sensor to accurately sense the data. 
It is dependent upon soil type and orientation, therefore, for all soil type and 
orientation combinations, root mean squared error (RMSE), for each sensor’s 0^, 
is measured against reference values from neutron probes. To be consistent with 
operational feasibility, RMSE values are scaled to have score of 0-100 referred as a 
performance accuracy (RA.) score. P.A. score is computed as follows: 

















284 


8 Signals in the Soil: Subsurface Sensing 


Table 8.4 Root mean squared error RMSE (m^ m for each sensor using multiple orientations, 
soil types, and calibration types [101] 


Soil type 

Sensor 

RMSE (m^ m-3) 

Vertical 

Horizontal 

EC. 

s.s.c. 

EC. 

S.S.C. 

Silt loam 

CS655 

0.05 

0.03 

0.15 

0.05 

CS616 

0.06 

0.03 

0.40 

0.05 

SM150 

0.0 

7 0.02 

0.06 

0.04 

lOHS 

0.10 

0.03 

0.07 

0.06 

EC-5 

0.15 

0.03 

0.15 

N/A 

5TE 

0.05 

0.02 

0.06 

0.04 

TEROS21 (MPS-6) 

0.08 

0.03 

0.11 

0.05 

JD Probe 

0.05 

0.06 

N/A 

N/A 

TDR315L (Acclima) 

N/A 

N/A 

0.06 

0.04 

Loamy sand 

CS655 

0.03 

0.03 

0.01 

0.02 

CS616 

0.03 

0.02 

0.03 

0.025 

SM150 

0.04 

0.04 

0.02 

0.02 

lOHS 

0.04 

0.02 

0.14 

0.02 

EC-5 

0.05 

0.04 

0.09 

0.02 

5TE 

0.04 

0.04 

0.03 

0.01 

TEROS21 (MPS-6) 

0.21 

0.03 

0.22 

N/A 

JD Probe 

0.01 

0.02 

N/A 

N/A 

TDR315L (Acclima) 

N/A 

N/A 

0.02 

0.02 


P.A.score = 100 — 


/ Max scaled - Min scaled 
\MaxRMSE — MiuRMSE 


X (RMSE — MiURMSE) + MiUscaled. 


( 8 . 11 ) 


where Maxscaled and Miuscaled are extremes of score metric (0 and 100), and 
MaxRMSE and MIhrmse are the extremes of sensor’s RMSE value (Table 8.4). 
Most accurate sensor will have the score of 100 and least accurate sensor will have 
score of 0. 


8.5.4 Results and Discussion 

Scores from Eqs. (8.5), (8.6), (8.9), and (8.10) were used to assess operational 
feasibility of a sensor (see Table 8.5). All sensors, except TDR-315L (Acclima), 
were scored 100 for Scores TDR-315L (Acclima) was scored 0 because of non¬ 
availability of TM. Score 2 shows more variability than Scorei with EC-5 having 
lowest score of 0 (most expensive) and TDR-315L (Acclima) sensors having the 
maximum score of 100 (cheapest). Rest of the sensors did not had much difference 
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Table 8.5 Total score calculated for each sensor for operational feasibility (O.F.) and performance 
accuracy (RA.) 


Operational feasibility (O.F.) score 


Column ID 

1 

2 

3 

4 

5 

Sensor 

Score 1 

Score 2 

Score 3 (non-TM) 

Score 3 (TM) 

Score 4 

CS655 

100 

38 

0 

52 

0 

CS616 

100 

84 

6 

56 

0 

SM150 

100 

37 

26 

0 

100 

lOHS 

100 

95 

99 

100 

100 

EC-5 

100 

100 

100 

100 

100 

5TE 

100 

40 

92 

95 

100 

1EK.OS 21 

(MPS-6) 

100 

40 

92 

95 

50 

ID Probe 

100 

58 

N/A 

60 

100 

TDR315L (Acclima) 

0 

0 

96 

N/A 

100 


Performance accuracy (P.A.) score 


6 


Silt loam V 

Silt loam H 

Loamy sand V 

Loamy sand H 

EC. 

s.s.c. 

F.C. 

S.S.C. 

EC. 

S.S.C. 

E.C. 

S.S.C. 

100 

76 

73 

47 

90 

66 

100 

53 

87 

80 

0 

31 

94 

74 

95 

79 

74 

100 

100 

80 

85 

0 

98 

0 

44 

84 

95 

2 

87 

100 

41 

8 

0 

75 

73 

N/A 

84 

17 

65 

84 

97 

94 

100 

100 

87 

11 

91 

100 

67 

80 

85 

72 

0 

23 

0 

N/A 

99 

0 

N/A 

N/A 

100 

81 

N/A 

N/A 

N/A 

N/A 

98 

83 

N/A 

N/A 

97 

8 


P.A. scores may differ from parameters of experiments, e.g., soil types, orientations, and calibration 
whereas scores for O.F. are universal [101] 


($225-$230) with the scores ranging between 37 and 40. For Scores, there can be 
two cost cases: with or without TM. In category of sensors without TM sensing and 
datalogging, EC-5 and CS655 were the cheapest and the most expensive sensors, 
respectively. In category of sensors with TM sensing and datalogging, EC-5 and 
SMI50 were the cheapest and the most expensive sensors, respectively. TM options 
had a significant impact on the total cost of the sensor, hence, also on the selection of 
sensor. Finally, all sensors, except CS616, CS655, and TEROS 21 (MPS-6), score 
100 in Score 4 . Because of need of programming for setting up the datalogger for 
CS616 and CS655, they were scored 0 for Score 4 . Similarly, TEROS 21 required 
data post-processing and was scored 50 for Score 4 [149, 152]. 

RA. scores were calculated for four soil type and orientation combinations: 
silt loam H, silt loam V, loamy sand H, and loamy sand V, using Eq. (8.11) (see 
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Table 8.5). P.A. scores are studied from the three perspective: on the basis of site, 
calibration type, and orientation. For silt loam V, CS655 with highest P.A., and EC-5 
with lowest P.A., had extreme P.A. score values under F.C., and SMI50 with highest 
P.A., and JD Probe with lowest P.A., had extreme P.A. score values under S.S.C. It 
is interesting to note that changing the calibration method completely alters the P.A. 
scores. For silt loam H, 5TE SMI50 with highest P.A., and CS616 with lowest P.A. 
had extreme P.A. score values under F.C., and 5TE with highest P.A., and 10 HS 
with lowest P.A., had extreme P.A. score values under S.S.C. It is interesting to note 
that 5TE performed well in all conditions and can be a suitable choice for irrigation 
applications. Eor the soil type, following changes were observed for P.A. scores: 10 
HS (loamy sand V under S.S.C.), JD probe (for loamy sand V under P.C.), CS655 
(loamy sand H under P.C.), and 5TE (loamy sand H under S.S.C.). P.A scores are 
singular for the sensors and do not have constituent as in operational feasibility 
scores and it is significantly affected by changing the orientation, soil type, and 
calibration type [100, 165, 210, 211]. 


8.6 A Guide for Sensor Selection 

Eigure 8.3 gives a step-by-step sensor selection framework to help choosing appro¬ 
priate sensors for given conditions. The steps of this framework are as follows: 

• Choose appropriate factors among operational feasibility components and P.A 
which are most relevant to the users condition to recognize the sensors with 
characteristics more closer to user demand, e.g., for a highly skilled research 
ease of operation (Score 4 ) can be ignored. 

• Each factor is assigned a weight on the basis of importance to user, e.g., for 
research purpose P.A. scores are assigned high weight. 

• The assigned weight is multiplied with the corresponding score of the factor. 
As an example, an equation is shown in Pig. 8.3-step 3 where various individual 


^[Weislitage] 


Factors 

Cost, CaEibration, 
TM, Soil Type 



Weigh Fiictors 


Fig. 8.3 Selection procedure of soil moisture sensors 
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factors scores for ease of operation, sensing and datalogging cost, and P.A. scores 
are multiplied by corresponding weights (P 2 , Pi, P 3 ), respectively, and a final 
score is computed. 

• All sensors are compared for the final scores for evaluation on the basis of degree 
of success and operational feasibility that can be achieved by a particular sensor. 
The sensor with the highest final score will be most suited for the application. 
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Soil Moisture and Permittivity 
Estimation 
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9.1 Introduction 

lOUT can be applied to many fields of precision agriculture [1, 2, 4, 8, 11, 22, 28, 
49, 62]. It is being used to provide important information to the farmers. lOUT 
has an ability to estimate soil properties and monitor soil moisture. An important 
component of precision agriculture applications (e.g., making real-time agricultural 
decision, smart agriculture variable-rate irrigation (VRI), and water conservation) 
is continuous soil moisture sensing [17, 54]. Permittivity plays an important role in 
propagation analysis of electromagnetic (EM) waves on the basis of soil medium, 
depth, UG localization, and subsurface imaging. Therefore, efficient measurement 
techniques for soil in-situ properties are very important. Method to determine soil 
permittivity includes: ground penetrating radar (GPR) measurements [5, 13, 27], 
time-domain refiectometry (TDR) [25, 32, 55, 64], and remote sensing [18, 56, 65, 
66] . Furthermore, disadvantage of laboratory method of estimating permittivity is 
offline measuring the soil sample, and that of remote sensing is limitations of depth 
up to 20 cm. In-situ methodologies can be used to measure soil properties for higher 
depths and that too with accuracy. 

This chapter focus on developing an in-situ technique, Di-Sense, for measuring 
soil moisture and permittivity based on wireless underground communications 
(WUC) in lOUT. When EM waves propagate through the soil they are effected 
by the distance, depth, frequency, soil moisture [45, 50], and soil properties [6]. 
Path loss at receiver can be used to determine the properties change of propagating 
signal. The approach in this chapter uses path for measuring permittivity and 
moisture of the soil. Path loss is highly dependent upon depth, distance, and soil 
moisture. Di-Sense uses a buried transmitter antenna (fixed depth) for transmitting 
wideband signal using the frequency range of 100-500 MHz and received signal is 
analyzed for measuring path loss. Di-Sense allows lOUT system to communicate 
and estimate permittivity and soil moisture sensing simultaneously. A model is 
developed to measure soil moisture and permittivity using path loss and is validated 
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in an indoor testbed and a software-defined radio (SDR) testbed. For validation, 
various soil parameters (depth, type, and moisture level) are changed to study the 
impact of those parameters. 

There has been lot of work done previously for determining soil permittivity 
and moisture. The literature review in this chapter will try to cover only the 
most recent work and try to identify the similarities and differences between the 
works. The process of estimating permittivity and soil water can be classified 
into two main approaches. For soil water estimation, TDR, gravimetric method, 
capacitance probes, GPR, hygrometric techniques, remote sensing, electromagnetic 
induction, neutron thermalization, tensiometry, nuclear magnetic resonance, gamma 
ray attenuation, optical methods, and resistive sensors can be used. Some of these 
approaches are discussed below. First estimation technique is soil properties based. 
Authors in [12] derive EM parameters of soil on the basis of soil moisture, 
frequency, and soil density; however, the model has limitation of working with 20% 
soil moisture weight and also needs rigorous sample preparation. In [6, 38, 40], a 
probe-based equipment is developed for the laboratory use. The probe works with 
vector network analyzer (VNA) in the frequency range of 45-26.5 MHz. In [71], 
author proposes a model to calculate the dielectric soil permittivity on the basis of 
empirical evaluations. Similarly, a dielectric model for soil properties is developed 
by [7]. This model works for frequencies >1.44 Mhz. Peplinski extended the model 
for characterization of dielectric behavior of soil under the frequency range of 
300MHz to 1.3 GHz [26, 39, 41]. Curtis [6] extensively reviews the techniques for 
estimating soil permittivity. These methods involve taking sample for laboratory 
measurements and are labor extensive. The laboratory sample technique does not 
depict the in-situ soil conditions. Hence, there is a need of automated approaches 
for monitoring soil moisture (Fig. 9.1). 

Another approach is given by [25] which uses TDR for measuring soil properties. 
It needs to measure refractive index and impedance of the soil. Authors in [64] 
uses cross-well radar (CWR) to determine EM properties of soil. The purpose 
of the methodology is to detect dense non-aqueous phase liquids (DNAPLs) 
hazardous materials. A wideband wave is transmitted under the frequency range 
of 0.5-1.5 GHz. Transmission simulations and reflection is used to measure soil 
permittivity in dry sand. References [30, 33, 67] extensively reviews such time- 
domain-based techniques for estimating soil permittivity. In TDR-based approaches, 
sensors are placed at each location where measurements are needed. However, it is 



Fig. 9.1 Organization of the chapter 
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important to obtain real-time soil moisture sensing data so that effective decision 
making can be achieved in agricultural applications. 

Third category of estimating soil properties falls under the antenna based 
approaches. References [57] and [58] propose a method of measuring electrical 
properties of the earth using buried antennas. However, length of antenna is adjusted 
so that the input reactance remains zero. Solimene et al. [59] uses Fresnel reflection 
coefficient to measure the soil permittivity on the basis of GPR measurements. 
However, the result in this study is without any empirical validation and also needs 
to be analyzed in time-domain. Authors in [3] measure soil dielectric properties for 
the frequency range of 0.1-1 GHz. They use wideband frequency domain method 
and need LCR meter for measuring impedance and VNA. Complex dielectric 
properties are measured in frequency domain by using probes [24, 37, 72]. 

In [13], GPR-based technique is utilized for permittivity estimation by corre¬ 
lating cross-talk of GPR signal and dielectric properties of soil. However, GPR 
methods are only applied for the implementations which require calibration and 
low depths (0-20 cm). 

Measurements from remotes sensing methods have wider range [66], but are 
more susceptible to soil water content [18]. Remote sensing methods are classified 
into active and passive remote sensing [20]. Passive techniques have low spatial 
resolution (in the order of kilometers) and active has high spatial resolution (in the 
order of meters). However, with active methods measurements values are limited to 
few centimeters of topsoil layer and its accuracy is also effected by vegetation cover 
[56]. 

This review of measurement methods identifies the gap between large-scale and 
point-based measurements which can be covered by WUC. The chapter focuses 
on using WUC for permittivity and soil moisture estimation. It is known that soil 
properties and soil moisture impact the EM waves propagating through soil [46, 50], 
hence even a small amount of water can highly effect the lOUT wireless channel 
between transmitter and receiver. Analysis of path loss at receiver gives a more 
detailed idea about these changes. This method can use the field lOUT infrastructure 
without using soil moisture sensors. Therefore, WUC are successfully being used 
for soil sensing. Last decade has seen significant improvement in various aspects 
of lOUT communication such as UG communications, characterization of impact 
of soil type and moisture, and UG channel modeling [1, 4, 8, 11, 22, 34, 44, 48, 
50, 60, 62, 68]. Authors in [29, 50] characterize the wireless UG channel in a very 
detailed manner. Similarly, [46] studies the impact of soil moisture and soil type on 
the capacity of multi-carrier modulations and also validates the results empirically. 
To the best of our knowledge, no study provides WUC-based in-situ estimation of 
these properties in real-time. Therefore, this will be the first work to estimate soil 
permittivity and soil moisture in response to channel path loss and velocity of EM 
wave in UG channel. 
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Fig. 9.2 WUC implementation for determining soil properties [54] 


9.2 System Models 

Expressions are derived for calculating soil permittivity and soil moisture at the 
distance of 1-15 m. These expressions connect both of the soil parameters to 
WUC. It is connected to propagation path loss and wave velocity for calculating 
permittivity. To that end, problem is formulated as follows: derive a function for 
calculating soil permittivity and soil moisture as an output for an input of path loss of 
the link to the system. Figure 9.2 shows the schema of WUC along with the sensing 
UG nodes. For a low electrical loss, there is no difference between the effective 
permittivity and complex permittivity. This chapter refers the permittivity as a 
relative permittivity. Section 9.2.1 discusses the Di-Sense permittivity estimation 
and Sect. 9.2.2 discusses the soil moisture model. 


9.2.1 Di-Sense Permittivity Estimation 

Propagation Path Loss Approach lOUT communication is mainly carried out 
through EM waves propagation in the soil. The propagation loss of the EM waves 
due to water in the soil is highly dependent upon the real effective permittivity, 
i.e., dielectric constant of the soil. Therefore, it is possible to use the propagation 
loss for calculating soil moisture (within the range of 100-500 MHz) and relative 
permittivity. For modeling the permittivity of the soil, a known signal is transmitted 
using narrow bandwidth. A lowest path loss (LPL) is calculated for the signal among 
all frequency ranges and frequency is increased sequentially in predefined intervals, 
A/. The propagation loss of the received signal is measured at the receiver end. Path 
loss can be defined as the ratio of transmit signal power at sender P^to the received 
signal at the receiver P^. It is given as follows: 


PL = Pt - Pr = 10. log 10(P^/P^) , 


(9.1) 
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where PL denotes system path loss, along with the effects of both antenna gains, 
i.e., transmitting Gt and receiving Gy. After measuring the path loss, the frequency 
of the lowest path loss is calculated as follows: 

fmin — F(mm(PL(f))) , (9.2) 

where fmin represents the frequency of the minimum path loss. The distance 
between the transmitting and receiving antenna has no effect on fmin due to antennas 
gains. Therefore, PL already contains the antenna gains. Since narrowband is used 
for calculating PL measurements, noise effects in the signal are minimal. Next the 
soil factor, 0, is given as follows: 


(ps = fmin/fo , (9.3) 

where /o denotes the resonant frequency of the antenna in the free space. After 
calculating the soil factor 0^, the wavelength at frequency /o is calculated as 
follows: 


^0 = c/fo , 


(9.4) 


where c is the speed of light. Relative permittivity of the soil is calculated as follows: 


1 

((ps X Xo)^ ' 


(9.5) 


Permittivity Estimation Through Velocity of Wave Propagation in Soil Soil 
permittivity varies greatly because of it being non-homogeneous characteristics 
which results in variation in phase velocity and wavelength of the signal as it 
propagates through the soil [53]. Therefore, the velocity of the signal can also 
be used to calculate the permittivity of the soil. Power delay profile (PDP) is 
known by the geometry layout of the testbed which in turn is used to measure 
the velocity of the signal. Direct wave component travels completely through the 
soil. Hence, after calculating the signal velocity, Q, difference between the arrival 
and transmission time of direct wave component is used to measure the relative 
permittivity. Consequently, €r is calculated as follows: 


€r 


^ ijdr '^dt) 
Cs X -^- 


(9.6) 


where the distance between receiver and transmitter antennas is given as /, travel 
time of the direct component in the soil is given as Zdr — T^dt, and the wave 
propagation velocity in the soil is denoted by Cs . Propagation velocity of wave is 
different in soil and air. Due to this difference the direct wave has lower attenuation 
as compared to lateral wave and travels along the soil-air interface through air. 
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Fig. 9.3 (a) Power delay profile (PDP) (Silt Loam Soil and Indoor Testbed), (b) signal attenuation 
in soil with changing operational frequency, (c) conversion of soil matric potential to VWC [14, 
15], (d) relation between VWC and soil permittivity as per Topp and Peplinski model [26, 54] 


Figure 9.3, as an example, gives PDP in silt loam soil. It plots the soil attenuation 
with operational frequency. 


9.2.2 Di-Sense Soil Moisture Sensing 


Soil moisture-permittivity relation is not dependent upon bulk density, soil texture, 
and frequency [63]. It is possible to determine the soil water content from soil 
permittivity as soil moisture is only dependent upon the soil permittivity [19, 63]. ^ 


^Soil moisture-permittivity relation is proved to work in coarse textured soils and fine textured 
soil, however, some errors were found in the relationship and this relation is weak in mineral soils 
[21,54]. 
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Relative permittivity of the dry soil is 3 and that of water is 80, therefore, it is 
calculated by Eqs. (9.5) and (9.6) and soil moisture is calculated as given in [19,63]: 


6^-3 

VWC (%) = + 14.97 . 


(9.7) 


9.3 Model Validation Techniques 

Soil moisture sensors are used to measure the soil water content and validate the 
model. Two main methods used to represent the soil water content are: volumetric 
water content (VWC) and soil matric potential (SMP). Watermark sensors are 
used for measurement of SMP in centibars (CB)/kilopascals (kPa).^ Soil-water 
retention curve in [14, 31] is used to convert soil matric potential to soil volumetric 
water content (VWC). Figure 9.3c shows the water retention curves for silt loam 
soil and sandy soil. For sandy soil, SMP is inversely proportional to VWC and 
a small increase in SMP causes the VWC to drop significantly because of large 
pore size[16, 42]. Therefore, developing soil texture-based water retention curves 
for different soil types with varying soil moisture levels is very important [15, 35]. 

In addition to these sensor measurements, Peplinski’s dielectric and Topp’s 
model is also used to validate the Di-Sense model. This validation is performed 
with different soil types and soil water content. Soil type has no effect on Topp 
model [35, 63], and it related soil water content to soil permittivity. Topp model is 
given as follows: 


6» = 4.3 X 10-^6^ - 5.5 X + 2.92 x - 5.3 x lO^^, (9.8) 


where 0 represents the soil water content, and 6 represents the dielectric constant of 
the soil. 

Soil dielectric constant is measured by the Peplinski model [26] . Soil dielectric 
constant is given as y = a jp, where 



(9.9) 



(9.10) 


^Higher matric potential values equal low soil moisture and, similarly, near saturation point is 
denoted by zero matric potential 1 CB = 1 kPa. 
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where /x is the magnetic permeability, co = 2Ttf is the angular frequency, and e' 
and 6^' denote the real and imaginary parts of the dielectric constant. Figure 9.3d 
plots the relation between VWC and permittivity given by Topp and Peplanski 
model. Peplanski model is used for three different soil types, whereas Topp model 
is independent of soil type. 


9.4 Experiment Setup 

This section discusses the experiment setup and methodology used for the validation 
of the model. Table 9.1 lists the values for burial depths, empirical VWC range, 
testbed classification, and particle size distribution. For rest of the chapter, soil’s 
name abbreviation is also used as given in Table 9.1. 


9.4.1 Experiment Methodology 

SDR testbed uses USRPs [9] and GNU Radio [10] for experiments. A UG dipole 
antenna buried at 40 cm is used to transmit Gaussian signal of 2 MHz bandwidth via 
transmitter USRP. Receiver USRPs receive the signal which is connected to dipole 
antennas buried at different depths of 10, 20, 30, and 40 cm whereas the distance 
between the transmitter and receiver is fixed at 50 cm. Several experiments are 
performed for all depths and distances of 2 and 4 m [43, 61]. For a given frequency, 
signal is transmitted by the transmitter for just Is and receivers receive IQ data of 
four mega samples. Transmitter transmits for the next frequency only after receiving 
the acknowledgment from the receiver. This is done for all the frequency in the range 


Table 9.1 Antenna depths, VWC percentage, and particle distribution for different types of soil 
used in a testbed 


Textural class 

Sand (%) 

Silt (%) 

Clay (%) 

VWC range (%) 

Depth 

Silty Clay 

Loam— 

Greenhouse 

(SCL-G) 

13 

55 

32 

32-38 

20 cm 

Silt 

Loam—Lield 
(SL-L) 

17 

55 

28 

22-38 

10, 20, 30, and 40 cm 

Sandy 

Soil—Indoor 
Testbed (S-I) 

86 

11 

3 

15-38 

10, 20, 30, and 40 cm 

Silt 

Loam—Indoor 
Testbed (SL-I) 

33 

51 

16 

30-37 

10, 20, 30, and 40 cm 
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Fig. 9.4 Power spectral density [54]: (a) transmitted signal, (b) received signal; and (c) effect of 
frequency on path loss [54] 


of 100-500 MHz at each depth and distances. Finally, three measurements are taken 
and Matlab [23] is used for the post-processing. 

Welch’s method [46, 73], an advanced form of periodogram analysis, is used for 
path loss analysis and spectral estimation. It uses discrete Fourier transform to divide 
the data into fixed blocks for calculation and modification of periodogram which are 
averaged out for estimating power spectrum. Figure 9.4a shows the periodogram of 
the transmitted signal. 

Figure 9.4b shows the PSD for all depths at a distance of 50 cm and the burial 
depth of the transmitter is 40 cm, hence shows that PSD is inversely proportional to 
the burial depths. 

Figure 9.4b shows the path loss for all depths. It can be observed that path 
loss is directly proportional to the burial depths, i.e., increase with the increase in 
frequency. Therefore, lower frequency, normally <500 MHz, works better in WUC 
channel. 
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9.4.2 Power Delay Profile Measurements 

The purpose of measuring PDP is to estimate the velocity of propagating wave. To 
that end, Keysight Technologies N9923A FieldFox VNA is used for measuring PDP 
Experimental setup of indoor testbed is used for the purpose with sandy and silt loam 
soils, varying burial depths (10, 20, 30, and 40 cm). For greenhouse testbed, silty 
clay loam soil and depth of 20 cm is used with OTA resonant frequency of 433 MHz 
for all types of soil. Finally, PDP and channel transfer function are measured for 
changing soil moisture levels [30, 54]. 

For PDP measurement, VNA transmits a sinusoidal signal with frequency 
increasing in incremental increment. This frequency domain data is used to obtain 
the time-domain equivalent impulse response, h{t), through inverse Fourier trans¬ 
form (IFFT). To that end, 401 complex tones are stored in range of 10 MHz-4 GHz, 
and side lobes are suppressed by windowing the impulse response of the channel. 
The velocity is then calculated by the process in Sect. 9.2. 


9.5 Model Analysis: Performance, Validation, and Error 

This section analyzes the performance of the model and validates it. Section 9.5.1 
discusses the impact of soil moisture, burial depth, and soil moisture on path loss 
calculated by using the methodology described in Sect. 9.2. Section 9.5.2 provides 
the model validation and Sect. 9.5.3 performs the error analysis for the model. 


9.5.1 WUC Path Loss 

Figure 9.5 shows the change in lowest path loss frequency of UG channel. The 
results are shown for three soil types: silt loam, silty clay loam, and sandy soil 
(Fig. 9.5a), varying soil moisture (Fig. 9.5b) and burial depth (Fig. 9.5c). It can be 
seen in Fig. 9.5a that for sandy soil, increase in soil moisture (15-36%) causes 56% 
decrease in lowest path loss frequency. For silt loam soil, increase in soil moisture 
(38-22%) causes 60% decrease in lowest path loss frequency and for silty clay loam 
soil this decrease is 15.62% for 32-38% increase in soil moisture. Generally, it can 
be concluded that lowest path loss is inversely proportional to soil moisture for these 
soil types. This is because of the fact that soil permittivity is greater than that of air 
causing it to increase with increasing soil moisture, hence decreasing lowest path 
loss [48,49, 52]. 

In Fig. 9.5b change in frequency loss is plotted for all three soil types under 
different burial depths. For silt loam soil, the lowest path frequency is decreased 
12.32% as depth increases from 10 to 40 cm. For silt loam soil, the lowest path 
frequency is decreased by 12.32% (from 211 to 185 MHz) as depth increases from 
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Fig. 9.5 VWC effect, in different soil types, on [54]: (a) lowest path loss frequency, (b) depth, 
and (c) wave velocity 


10 to 40 cm, and that for silt loam soil (field) it decreases by 38% (from 197 
to 121 MHz). Similarly, for sandy soil, the lowest path frequency is decreased 
by 28.24% (from 308 to 221 MHz) as depth increases from 10 to 40 cm. The 
reason for this behavior of lowest frequency is that wave reflected form the soil- 
air interface produces a current at antenna causing impedance to change, hence 
resulting in lowest path loss frequency to change. The distance between soil- 
air interface increases with the increase in depth; therefore, the reflected waves 
attenuates because of high absorption rate of the soil. As the relative permittivity 
is directly proportional to the water content [7, 44], therefore, the change in lowest 
path loss frequency is greater in sandy soil than silt loam soil because silt loam soil 
high capacity of holding water. Sandy soil has lower permittivity causing the lowest 
path frequency shift to higher spectrum. 

Figure 9.5c plots the arrival time of direct wave component along with the 
changing soil moisture. It can be seen that velocity of the wave is inversely 
proportional to the soil moisture. The velocity decreases with the increasing soil 
moisture for all types of soil. Wave velocity decreases by five times for soil moisture 
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increase of 15-36%, and for silt loam soil, it decreases three times for soil moisture 
increase of 22-38% [69, 70]. 


9.5.2 Validation 

This section discusses the results for model validation. Equations (9.5), (9.6), and 
(9.7) are used to calculate the values for soil permittivity and soil moisture and are 
shown in Fig. 9.6. Figure 9.6a, b compares the VWC calculated from Topp model 
and ground truth measurements with Di-Sense VWC. Similarly, Fig. 9.6c compares 
Di-Sense permittivity with Peplinski model, and Fig. 9.6d compares the Di-Sense 
permittivity estimated by time-domain velocity of propagation method with Di- 
Sense path loss propagation permittivity method. The graphs confirm the result from 
Di-Sense model with ground truth measurements. There are some interesting points 





e - Peplinski Model 

(c) 



Di-Sense e - TD 

r 
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Fig. 9.6 Comparison of VWC of Di-Sense Model with [54] : (a) VWC measure from experiments, 
(b) VWC from Topp model; (c) comparison of permittivity of Di-Sense Model with permittivity 
from Peplinski model [54], (d) comparison of permittivity from Di-Sense Model from time-domain 
velocity of propagation method with Di-Sense permittivity from path loss propagation method [54] 
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to consider from Fig. 9.6, e.g., decrease in lowest path loss frequency causes increase 
in soil permittivity leading to increase in soil moisture. 


9.53 Model Error Analysis 

Figure 9.7 shows the result from the model error analysis. Di-Sense VWC estima¬ 
tion error is compared with ground truth soil moisture sensing in Fig. 9.7a. It can 
be observed that the error varies more in silt loam soil (1-8%) as compared to the 
sandy soil underscoring the importance of clay contents in soil. Overall estimation 
error remains less than 8%. 

Figure 9.7b compares the Di-Sense soil moisture estimation error with that of 
from Topp model. As in the case of Di-Sense VWC estimation error, Di-Sense soil 
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Fig. 9.7 Error Analysis of Di-Sense Model [54]: (a) comparison of VWC from Di-Sense Model 
with VWC measured from experiments, (b) comparison of VWC from Di-Sense Model with 
VWC from Topp model, (c) comparison of permittivity of Di-Sense Model with permittivity from 
Peplinski model, and (d) comparison of permittivity from Di-Sense Model from time-domain 
velocity of propagation method with Di-Sense permittivity from path loss propagation method 
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moisture estimation error also varies more in silt loam soil. Moreover, Di-Sense soil 
moisture estimation error is 7% less than the one measured from Topp model. 

Figure 9.7c shows the permittivity estimation error from Di-Sense and Peplinski 
model. It can be seen that, in comparison with Peplinski model, Di-Sense estimation 
error is high (21%) for silt loam (field) than silt loam (error <15%) and silty clay 
loam. It can be observed that error is inversely proportional to the soil moisture 
levels, i.e., low error is observed for the high soil moisture. Water permittivity 
depends upon numerous factors; therefore, soil dielectric constant becomes com¬ 
plicated under high soil moisture level. Moreover, soil permittivity also relies on 
many other factors such as soil temperature, soil type/texture, percentage of clay 
particles, bulk density, soil bulk density, porosity, and salinity. For Di-Sense soil 
moisture estimation model, the effect of these factors is very low. To summarize, 
modeled and measured values are in confirmation with each other and Di-Sense 
method can be considered as a feasible method for measuring soil permittivity and 
soil water content [29, 36]. 

An important thing to note is that Fig. 9.6c does not compare permittivity for 
sandy soil using Peplinski model. The reason is that Peplinski model does not 
work well with the sandy soil having sand content of 86% [26]. Figure 9.7d shows 
the difference between Di-Sense path loss propagation permittivity method and 
Di-Sense permittivity by time-domain velocity of propagation method and both 
methods are in confirmation with testbed soil with estimation difference of less than 
8%. Hence, Di-Sense model for estimating soil permittivity and soil moisture is 
suitable for the soils having same particle size classification and distribution as of 
used in these experiments [47, 54]. 


9.5.4 Transfer Functions of Di-Sense 

Although results are most relevant for determining soil permittivity and soil 
moisture, however, it is also suitable for designing lOUT communication system. 
Moreover, soil permittivity is less effected at higher depths because the intensity 
of reflected wave from soil-air interface is reduced at higher depths. Following 
procedure is used for estimation: 

• First, lowest path loss frequency is measured. 

• Soil permittivity is determined by using Eqs. (9.5) and (9.6). 

• Soil moisture is estimated by using Eq. (9.7). 

Figure 9.8 shows the Di-Sense transfer functions for soil moisture and soil permit¬ 
tivity. These graphs can be used for measuring the permittivity and soil moisture 
for a given lOUT propagation path loss. Di-Sense measurement method is very 
simple which requires no knowledge of lOUT deployment parameters, i.e., type 
of radios, antenna knowledge, and communication parameters. Only requirement 
is to accurately measure the propagation path loss. It can be used with different 
operation frequencies /o as Eqs. (9.3) and (9.4) scale with the /q. Di-Sense has 
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Fig. 9.8 Transfer function of Di-Sense model for [54]: (a) soil moisture, (b) soil permittivity 
(time-domain), (c) soil permittivity 


some limitations as well: it requires accurate measurement of propagation path loss 
of soil under observation. For applications requiring higher accuracy, soil-water 
retention capability and specific soil properties can be represented by an empirical 
factor [51]. 


9.6 Di-Sense Applications 

Di-Sense can be used for irrigation scheduling in lOUT-based agricultural systems 
[8]. In construction-based lOUT systems (building and bridges), Di-Sense can be 
used to examine the health of the building structure. In geophysical applications, 
Di-Sense can be used for estimating permittivity of ice and rocks. It can also be used 
in detection of soil contamination, and in the domains of meteorology, geophysics, 
and civil engineering. 
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10.1 Introduction 

Internet of Underground Things (lOUTs) is subset of loT which consists of 
sensors and communication devices for real-time sensing and monitoring of soil. 
lOUT differs from loT in that the sensors and communication devices are either 
partly or fully buried underground. lOUT extends Wireless Underground Sensor 
Networks (WUSNs) [6, 13, 18, 20, 35, 36, 41, 54, 71, 115, 117, 121, 137-139, 150, 
156, 163, 164, 174] and includes autonomous devices that collects relevant earth 
information. These devices are connected via some communication and network 
systems which send information out from the field to farmers and growers for 
decision making. lOUT, through Internet, facilitates seamless access to agriculture 
information. lOUT operation includes: in-situ soil sensing such as soil’s moisture, 
temperature, and salinity, etc., communication through soil and plants, and real-time 
environment information, e.g., rain, wind, and solar, etc. lOUT aims to improve 
and provide efficient food production mechanism. It achieves complete autonomy 
by connecting with the various farming equipment such as seeders, combines and 
irrigation systems [112]. The operating environment of lOUT is very unique, i.e., 
access of information from soil, communication through plants and soil, exposure 
to element and unexpected environmental conditions. Existing over-the-air (OTA) 
wireless solutions were not made for such environment, therefore, these OTA 
solutions face significant performance challenges in lOUT environment (Fig. 10.1). 
In attempt to deal with challenges of communicating in lOUT environment, a new 
type of wireless communication is proposed: wireless underground communications 
(UG) [6, 171]. Wireless UG communications is a communication method where 
radios are buried under earth and communicate through soil. lOUT along with 
the UG communication will be beneficial in conserving water and improving crop 
yields [156, 164]. Advancement in lOUT technologies can also improve operations 
of various applications (underground mining, pipeline assessment, and landslide 
monitoring) which utilizes earth underground resources [7, 20, 96, 115, 121, 171]. 
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Internet of Underground 
Things (lOUT) 



( Architecture i( Components 
Fig. 10.1 Organization of the chapter 


10.2 lOUT Architecture 

As mentioned in the previous section, lOUT consists of interconnected hetero¬ 
geneous nodes customized for field operations. lOUT is expected to provide the 
following functionalities: 


10.2.1 Functionalities 

• In-situ Sensing: In-situ sensing refers to a buried sensor collecting the informa¬ 
tion (soil moisture, salinity, and temperature) from the soil. In-situ sensing plays a 
very important role in gathering precise localized information of the soil. These 
sensors can be used in two ways: (1) they can be integrated on the chip with 
components in the architecture, (2) can be used as standalone separate sensors 
connected to the main components through wires [103, 125]. 

• Wireless Communication in Challenging Environment: Communication systems 
in lOUT are either deployed in the field or within the soil. As these systems 
are exposed to natural environment, they should sustain the unexpected rough 
and challenging environment. OTA solutions should be customized to changing 
environment because of irrigation and growth of the crop. UG solutions are 
shielded from the environment and should be able to communicate through the 
soil and adapt to dynamic changes in soil parameters. 

• Inter-Connection of Field Machinery, Sensors, Radios, and Cloud: lOUT sys¬ 
tems are mainly responsible for collecting data from the field and sending it 
to the cloud for further processing and decision making. It uses a multitude of 
diverse devices for successfully completing these operations. lOUT should be 
able to seamlessly integrate and link these large number of different devices. In 
addition to collection of information, lOUT must also be able to automate the 
field operations based on this information. 

Figure 10.2 illustrates the lOUT architecture which aims to achieve these 

required functionalities. The components of this architecture are described below: 
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10.2.2 Elements 

• Underground Things (UTs ): An UT is an embedded system with on board sensing 
and communication component. UTs can either partially or fully buried in the 
ground. UTs are protected from the environment with water proof enclosure and 
watertight containers. Buried UTs are protected from the farm’s equipment. Soil 
temperature and moisture sensors are used most commonly, however, many other 
soil- and weather-related phenomena can also be monitored. Bluetooth, satellite, 
ZigBee, underground, and cellular are some of the existing communication 
schemes. Bluetooth [54, 173] and underground wireless [20, 116] provide short- 
range communication of about 100 meters. Commercial products operating in 
industrial, scientific, and medical (ISM) band covers three times larger distance 
of short-range communication systems. Cellular and satellite communication 
systems provide much longer range covering more distance. For large field size, 
a network can be configured to send the data to a collector sink and self-heal 
if nodes are unreachable. Nodes are powered by the combination of batteries 
and solar panels. UTs are cheaper as they are deployed in a very large number 
[36, 122]. 

• Base Stations'. Base stations are used as gateways for transferring data from the 
field to the cloud. They are permanent structures and are installed in buildings, 
e.g., weather station. Due to high power of processing and communication 
capabilities, base stations are expensive and well protected [36]. 

• Mobile Sinks'. Mobile sinks are attached with the moving farming equipment 
such as tractors or irrigation systems [20, 124]. However, sometimes turning the 
farming equipment just for data retrieval can sometimes be expensive. Hence, as 
an alternative, unmanned vehicle (ground robots or quadrotors) are also being 
used for such purposes. 

• Cloud'. The purpose of the cloud services in lOUT architecture is to provide 
permanent storage for information, real-time processing of information, decision 
making, and integration with other databases such as soil and weather. 
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Tables 1.1 and 1.2 provide the summary of existing academic and commercial 
architecture. Most of the commercial solutions uses OTA communication systems 
where UT connects to field tower via cellular or satellite communication. This 
diverse communication architecture makes it difficult to form a unified lOUT archi¬ 
tecture fulfilling all the requirements. Lack of standard sensing and communication 
protocols makes this task more difficult. 


10.3 lOUT Components 
10.3.1 Communications 

This section explores some communication systems which can be used in the 
implementation of lOUT systems. Here, all these systems are discussed at very basic 
level. There are different technologies that can be used for communication in lOUT. 
The wired lOUT solutions uses coaxial cables and fiber optics. Wired solutions 
provide high data rates and are being used in different applications [8, 40, 131]. 
Although, these wired solutions provide reliable and accurate communication, 
however, they increase the complexity and poses scalability issues. Given the 
disadvantages of wired systems, wireless solutions are termed as feasible solutions 
to provide relatively low complexity and scalable solutions. 

Wireless solutions are classified on the basis of technology they are using 
to transmit information. These solutions includes: Electromagnetic waves (EM), 
magnetic induction (MI), acoustic waves, and VLC. Acoustic wave is used for 
detection purposes, e.g., detecting objects in underground environment [75] and 
detecting water content in the soil. The disadvantage of using acoustic-based system 
is the low data rate and high noise and attenuation [32]. 

Some of the technologies and their feasibility for lOUT systems are given below: 

Magnetic Induction (MI) Magnetic Induction-based lOUT communication net¬ 
work consists of buried sensors (UTs) and aboveground (AG) devices. Aboveground 
devices can provide extended communication by using extra large and powerful 
dipole antenna. Therefore, downlink communication (AG2UG) is singlehop and 
upstream (UG2AG) is multi-hop due to limited transmission power [108]. 

MI transceiver is composed of induction coils producing magnetic fields. These 
magnetic fields can be sensed by nearby coil. Each induction coil is attached to a 
capacitor in a way that it operates at resonant frequency. In an attempt to achieve 
long transmission range (10-100 m) in lOUT moderate size coils are preferred. A 
time-varying magnetic field is produced by the coil of transmitter node which in- 
tum induces current at receiver antenna. This procedure is shown in Eig. 10.3c. 

Decay rate of received signal strength (RSS) is the inverse cube factor in MI. 
Hence, high data rates and long-range are not an option in Ml-based systems and 
both are primal requirements of lOUT. In MI, transmitter and receiver antenna 
are perpendicular to each other which prevent establishing communication in MI. 
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Table 10.1 Various TOUT systems developed by academic institutions [172] 


Architecture 

Sensors 

Comm. tech. 

Node density 

Automated irrigation 
system [36] 

DS1822 (temperature) 

VH400 (soil moisture) 

OTA, ZigBee (ISM) 

One node per 
indoor bed 

Soil scout [164] 

TMP122 (temperature) 

EC-5 (soil moisture) 

UG, Custom (ISM) 

Eleven scouts on 
field 

Remote sensing and 
irrigation sys. [54] 

TMP107 (temperature) 

CS616 (soil moisture) 
CRIO data logger 

OTA, Bluetooth 
(ISM) 

Eive field stations 

Autonomous precision 
agriculture [20] 

Watermark 200SS-15 

(soil moisture) 

Data logger 

UG, Custom (ISM) 

Up to 20 nodes per 
field 

SoilNet [13] 

ECHO TE (soil 
moisture) 

EC20 TE (soil 
conductivity) 

OTA, ZigBee (ISM) 

150 nodes 
covering 27 ha 

MOLES [156] 

Magnetic induction 
communications 

Magnetic induction 

Indoor testbed 

Irrigation nodes in 
vineyards [169] 

Yield 

NDVI 

VRI 

140 irrigation 
nodes 

Sensor network for 
irrigation scheduling 
[17, 134] 

Capacitance (soil 
moisture) 

Irromesh 

OTA 

6 nodes per acre 

Cornell’s digital 
agriculture [14] 

E-synch, 

touch-sensitive soft 
robots 

Vineyard mapping 
technology, RTK 

OTA 

Eield dependant 

Plant water status 
network [83] 

Crop water stress 
index (CWSI) 

Modified water stress 
index (MCWSI) 

OTA 

Two management 
zone 

Real-time leaf 
temperature monitor 
system [63] 

Leaf temperature 

Relative humidity and 
incident solar radiation 

OTA 

Soil and plant 
monitors 

Thoreau [183] 

Temperature, soil 
moisture Electric 
conductivity and water 
potential 

OTA 

Based on Sigfox 


(continued) 
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Table 10.1 (continued) 


Architecture 

Sensors 

Comm. tech. 

Node density 

FarmBeats [167] 

Temperature, soil 
moisture orthomosaic 
and pH 

OTA 

Field size of 100 acres 

Video-surveillance and 
data-monitoring 
WUSN [31] 

Agriculture 
data-monitoring 
motion detection, 

camera sensor 

OTA 

In the order of several km 

Purdue’s digital 
agriculture initiative 
[81] 

Adaptive weather 
tower PhenoRover 
sensor vehicle 

OTA 

Field dependant 

Pervasive wireless 
sensor network [176] 

Soil moisture, camera 

OTA 

Field dependant 

Pilot sensor network 
[61] 

Sensirion SHT75 

OTA 

100 nodes in a field 

SoilBED [26] 

Contamination 

detection 

UG 

Cross-well radar 


Therefore, Ml-based lOUT architecture are not scalable. Due to these factors and 
inability to communicate with above-ground devices, Ml-based systems are not a 
reliable option for lOUT systems and their performance is dependent on using relay 
coil [60, 76, 95, 152]. 

Acoustic Acoustic waves have been used as communication and detection tech¬ 
niques in underground measurements. Geologist have been using to explore natural 
resources (oil and gas) by measuring the reflected acoustic waves from the ground. 
It has been used in drilling for communication with underground drilling equip¬ 
ment. Some of the major applications of acoustic waves include buried pipeline 
monitoring, earthquake monitoring, seismic exploration, smart drilling for oil and 
gas reservoirs. There exist many studies in the literature for acoustic which can also 
support other applications [107]. 

Acoustic methods can be active or passive depending on how signal is generated. 
Passive methods generates an acoustic signal, from the underground, after some 
major events like earthquake or volcanic explosion, or sudden underground changes 
such as structural transformation, pipeline leakage or rock crack formation. Sensors 
are placed in the vicinity of these events which detect infrasonic wave and help 
in predicting such events. Active method’s signal is self-generated by an artiflcial 
explosion/vibration which is sent underground to understand the earth’s property 
(see Fig. 10.3a). Reflection-based seismology is one popular application of such 
method though lOUT UG communication and underwater communication [149] 
have some similarities. However, they are not suitable choice for communication in 
lOUT because of low propagation speed and vibration limitations. Therefore, they 
are mostly used for the detection purposes. 
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Table 10.2 Various commercially available TOUT systems developed by industry stakeholders 
[172] 


Architecture 

Sensors 

Comm. tech. 

Node density 

IRROmesh [49] 

200TS (temperature) 

Watermark 200SS-15 
(soil moisture) 

OTA, custom (ISM) 

OTA, cellular 

Up to 20 nodes 
network mesh 

Field connect [50] 

Leaf wetness 

Temperature probe 
Pyranometer 

Rain gauge 

Weather station 

OTA, Proprietary 

OTA, cellular 

OTA, Satellite 

Up to eight nodes per 
gateway 

SapIP wireless mesh 
network [22] 

Plant water use 

Measure plant stress 
Soil moisture profile 

Weather and FT 

OTA 

25 SapIP nodes. 

Automated irrigation 
advisor [165] 

Tule Actual FT sensor 

OTA 

Field dependant 

Internet of 
agriculture-BioSense 
[11] 

Machinery 
auto-steering and 
automation 

EC probe & XRF 
scanner 

Electrical conductivity 
map 

NDVI map 

Yield map 

Remote sensing 

Nano and 
micro-electronic 

sensors 

Big data, and Internet 
of things 

OTA 

Field dependant 

EZ-Farm [43] 

Water usage 

Big data, and internet 
of things 

Terrain, soil, weather 

Genetics 

Satellite info 

Sales 

OTA 

IBM Bluemix & loT 
foundation 


(continued) 
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Table 10.2 (continued) 


Architecture 

Sensors 

Comm. tech. 

Node density 

Internet of food and 
farm (IoF2020) [46] 

Soil moisture 

Soil temperature 
Electrical conductivity 
and Leaf wetness 

OTA 

Eield dependant 

Cropx soil monitoring 
system [15] 

Soil moisture 

Soil temperature and 

EC 

OTA 

Eiled dependant 

Plug & sense smart 
agriculture [78] 

Temperature and 
humidity sensing 
Rainfall, wind speed 
and direction 

Atmospheric pressure 
Soil water content, and 
leaf wetness 

OTA 

Eield dependant 

Grain 

monitor-TempuTech 

[158] 

Grain temperature and 
humidity 

OTA 

Multiple depths in 
grain elevator 

365FarmNet [1] 

Mobile device 
visualization tool for 
TOUT data 

OTA 

Eield dependant 

SeNet [133] 

Sensing and control 
architecture 

OTA 

Eield dependant 

PrecisionHawk [79] 

Drones for sensing 

Eield map generation 

OTA 

Eield dependant 

HereLab [39] 

Soil moisture 

Drip line psi and rain 

OTA 

Eield dependant 

IntelliFarms [45] 

YieldEax 

Biological 

BinManager 

OTA 

Eield dependant 

loT sensor platform 
[47] 

IoT/M2M sensors 

OTA 

Eield dependant 

Symphony link [154] 

Long-range 

communications 

OTA 

Eield dependant 


Unmanned Aerial Vehicle (UAV) Unmanned Aerial Vehicle (UAV) has recently 
seen an advancement in lOUT precision agriculture for sensing the communication 
of the field conditions [66, 87], imaging surveillance [73], and decision support [86]. 
Before the popularity of UAVs, the satellite imaging was only used for monitoring 
purposes, however, now it is also being used to create soil moisture maps for 
the field in timely and cost-efficient methods. Other applications include: crop 
growth monitoring, seed planting, and pesticide applications. When integrated with 
lOUT systems, UAVs require efficient communication protocols to communicate 
with the sensors, radio antennas, and make real-time decision. However, there are 
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some challenges faced by the UG to UAVs communication, e.g., limitation on 
payloads antennas used by UAVs, limitations on time of the flight, need of special 
skills for operating UAVs, operational license for UAV, and shorter communication 
range. Advancement in technology and regulatory restrictions can lead to improved 
integration of UAVs in lOUT Ecosystem 1104]. 

Electromagnetic Waves for lOUT Electromagnetic (EM) waves have been exten¬ 
sively used for communications in various applications of lOUT in agriculture 
121, 181], seismic exploration 1129], oil and gas (Eig. 10.3b), and drilling 15, 29, 52]. 

Low Power Wide Area Network (LPWAN) lOUTs are designed to operate for a 
longer period of time which make energy conservation a very important issue. Low 
Power Wide Area Network (LPWAN) not only conserves energy but also gives long- 
range connectivity 177, 109]. LPWANs are used in those lOUT applications which 
have primary requirement of energy conservation and range, therefore, high data 
rate operations are not required and latency is acceptable. As per one of the LPWAN 
technical workgroups, LPWAN can operate for several years and customized to the 
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Fig. 10.3 Communication technologies in TOUT: (a) acoustic-based loUT, (b) EM-based loUT, 
(c) schematic of MI communication link [90] 
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applications which transmits small data packets intermittently. Some of the famous 
LPWAN technologies are: Long Range Wide Area Network (LoRaWAN) [16], 
Sigfox [136], NB-IoT [175], and Extended coverage GSM loT (EC-GSM-IoT) [24]. 

Wireless PAN/LAN One of the shortcoming of LPWAN is its low data rate. 
This shortcoming can be overcome using wireless PAN/LAN. It can facilitate 
communication between machinery and equipment, base stations, and field workers. 
Wireless PAN/LAN includes technologies like Bluetooth [12] provides bandwidth 
up to 25 MHz and range of 100m, ZigBee [184]] provides bandwidth up to 1 MHz 
and range of 20-30m, Thread [162] provides secure support for up to 250 devices, 
and Wi-Ei provides single channel bandwidth up to 160 MHz [44, 105]. 

Cellular Technologies With more advancement in lOUT applications, there is an 
increasing demand of cellular and broadband connectivity in lOUT solutions. There 
is a scarcity of cellular broadband in rural area is the major hurdle in accessing the 
big data being generated from the lOUT field. One of the reasons of no or slower 
cellular communication speed, in rural area, is the cost of infrastructure. Currently, 
data is manually collected and transmitted to base stations. Cellular communications 
were designed for the human communications, therefore, Machine-to-Machine 
(M2M) communication faces system and cost related challenges. However, new 
LTE standards are coming with support for M2M communication but lOUT devices 
must be compatible and low-powered because of the energy constraints [106]. 


10.3.2 Sensing 

Real-time sensing is one of the major functionalities of lOUT architecture. Real¬ 
time sensing is the cause of widespread adoption of lOUT. It also gives efficiency in 
lOUT applications [84, 100]. Although a complete chapter in this book is dedicated 
to the sensing component of lOUT, however, for the sake of completion, some of 
the lOUT sensing technologies are discussed very briefly in this section. 

lOUT Soil Moisture Soil is the common component for most of the lOUT 
applications. Soil Moisture (SM) has been part of sensing in lOUT applications 
for crop production and agriculture. It is being used for measuring water content 
for decades. Earlier it was done manually by using handheld devices, however, 
it has now been replaced by automated technologies due to difficulties of getting 
readings in remote fields. There has been much evolution in wireless data harvesting 
technologies for provision of real-time soil moisture data for decision making. It has 
helped a lot in improving water management for many farm lOUTs [101]. Some of 
the major SM measurement methods are described below: 

• Gravimetric Sampling is a method to measure the volumetric water content of 
the soil by using ration of dry and wet soil mass with pore spaces. The sampling 
is done manually and soil samples, taken from the field, are oven dried [28, 103]. 
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• Resistive sensors [145] work on the electrical conductivity of water. It measures 
change in resistance due to water in soil. An accurate SM reading is highly 
dependent on calibration of sensors. 

• Capacitive sensors works by detecting changes in capacitance caused by water 
presence in soil. An accurate SM reading is highly dependent on calibration of 
sensors. These sensors are more accurate then resistive sensors, however, they 
are every expensive and are being used by commercial UTs. 

• Ground Penetrating Radar (GPR) [2, 42], Salam Chapter takes readings on the 
basis of absorption and reflection of electromagnetic (EM) waves. It uses fre¬ 
quency sweep, impulse and frequency modulated technologies for SM sensing. 
GPRs are used to measure near surface (up to 10cm) SM readings. 

• Neutron scattering probes [23, 30] and gauges measure estimating change in 
neutron flux density with respect to water in the soil. It uses radiation scattering 
techniques and are most accurate probes used for taking SM readings in the field. 
However, they require specific licenses to be used. 

• Other famous SM measuring techniques are: Gamma ray attenuation [58], 
frequency domain reflectometry (FDR) [140], and time-domain refiectometry 
(TDR) [85]. 

The burying depth of sensors ranges from 5 cm to 75 cm depending upon the root 
depth and type of the crop. It produces SM data which is used as input to create soil 
moisture maps for real-time decision making. The number of SM sensors deployed 
in the field are increasing at very fast rate. For example, Nebraska Agricultural Water 
Management Network [27, 48, 122] was initially built with only 20 grower in 2005. 
The number has increased to 1400 growers for adoption of SM sensors-based energy 
conservation and water management practices. Apart from in-situ sensing of soil 
moisture, other data sources for SM data are: NASA North American Fand Data 
Assimilation System [64], NASA Soil Moisture Active Passive [141], US Climate 
Reference Network [166], TAMU North American Soil Moisture Database [118, 
155], Soil Climate Analysis Network [144], and Soil Moisture and Ocean Salinity 
[143]. Web Soil Survey (WSS) [178] collects the US soil information and classifies 
them on the basis of region. 


10.3.3 System Integration 

lOUT generates glut of data from the field and it is not possible to locally process 
it because of limited processing power and energy resources. The data can be 
store privately, publicly or can be shared among different users depending upon 
the user requirement [127, 180]. Many online applications and market places use 
the big data sets to analyze region for better and maximized crop yield [179]. 
There are national databases for keeping the soil moisture data. In-situ SM sensors 
can be lined these databases to achieve accurate and detailed information on SM 
[4, 11, 15, 64, 141, 155]. Cloud services can be used to support real-time decision 
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making and visualization. Therefore, cloud can be used as centralized data storage 
and processing system in lOUT. Integration of Cloud and lOUT adds scalability 
from field to big geographical area where unified network can be formed within 
various lOUT applications. 

Moreover, after overcoming the storage and processing constraints, base stations 
can pull meteorological (from weather service) or soil data (from national service), 
combine this information with local UTs data for extended control on equipment. 
lOUT and Cloud integration opens new doors for more robust stakeholders in lOUT 
applications such as users, industry, trading companies. It would result in efficient 
and sustainable lOUT ecosystem. For example, in precision agriculture, in addition 
to integration of field data with different soil and weather databases, linking of UAVs 
and robotics can also be done in precision agriculture paradigm [102]. 

Regardless of whether the processing is being done locally or in the cloud, the 
major challenge is to the integrate so many heterogeneous devices in a system. 
Reliable delivery of data from field to cloud and vice versa is an important 
functionality lOUT cloud architecture. This will not only provide a unified cloud 
connection of fields to spread over vast geographical area but also enable to use data 
for assessment and improvement. There is also lack of standard interfaces which 
can provide seamless connectivity between various components of an lOUT system 
[91]. 

lOUT senses and communicates even the minor changes in the field including 
change in medium properties. lOUT applications generate big data and it is very 
important to correctly analyze this data to extract meaningful information and make 
real-time decisions to get better rate on investment. Therefore, developing a big data 
analytic is very important. For example, big data analytic in precision agriculture 
are factors that may affect crop yield, dividing the field into multiple zones based on 
particular applications such as nutrient, soil moisture, harvesting, and productivity. 
It is important to analyze the water and energy consumption, and its effect on labor 
cost resulting from adoption of lOUT solution. Big data analytic are very important 
in showing the productivity and efficiency of the system. It attracts stakeholder and 
helps in widespread adoption of lOUT systems [98, 112]. 


10.4 lOUT Applications 
10.4.1 Smart Lighting 

One of the application areas of lOUT is smart lighting [43, 44, 162]. In smart 
lighting, the cables are buried underground to provide intelligent lighting system. 
Figure 10.4 shows the architecture of lOUT implementation in lighting. The lOUT- 
based smart lighting architecture consists of the following basic components: 

• Sensors—Attached to areas where lightning is required such as lamp posts, 
garage walls, and roadside poles, etc. 
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Fig. 10.4 lOUT-based smart lighting architecture [124] 


• Aboveground (AG) Channel—Used for downlink communication from AG 
devices to buried UG devices. 

• Underground (UG) Channel—Used for uplink communication from UG devices 
to AG devices. 

• Lighting Infrastructure—lOUT lighting infrastructure includes: road lighting, 
airport runway lighting, household driveway, garage illumination, lamp posts, 
and household driveway, etc. 

This architecture has many advantage over traditional over-the-air (OTA) lighting 
system. It eliminates wired networks completely. Moreover, installation of under¬ 
ground buried communication devices reduces the cabling complexity signihcantly 
which, otherwise, is needed to power AG nodes. Finally, it also reduces the 
interference and spectral congestion. Communication in lOUT smart lightning is 
carried out by UG2AG communication channels. 

One of the important tasks is in-depth analysis of UG channel while designing 
the smart lighting. A 2-wave model is presented in [171] which do not consider the 
lateral waves. [151] models the UG communication in tunnels and mines, however, 
it cannot be applied to smart lighting because of different propagation environment. 

References [119, 124] develops a statistical impulse response model for UG 
channel using the modeling approach presented in [37, 82, 128]. It modihes the 
model to suit the unique nature of underground channel. It assumes the correlation 
between the multipath wave components to be negligible. Furthermore, it also 
assumes the phases at receiver side to be uniformly random and distributed over 
[0, 27r). 

It does so by performing extensive experiments on indoor (see Fig. 10.5) and 
held testbed to analyze the UG channel in smart lighting. The statistical model is 
developed by analyzing the power delay prohle (PDF). It can generate wireless UG 
channel impulse response for different types of soil and soil moisture level, delay 
spread, and coherence bandwidth statistics. The model gives the important feedback 
for designing the lOUT for smart lighting systems. 
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Fig. 10.5 Indoor testbed [124] 
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Fig. 10.6 lOUT-based urban underground infrastructure: Smart wastewater system [111] 


10.4.2 Urban UG Infrastructure 

10.4.2.1 Overview 

An important application for implementation of lOUT is urban underground 
infrastructure. Storm drains and sewers can overflow due to large amount of 
wastewater entering the pipes. In urban areas, city management collects millions 
of gallons of waste water and treat them in their waste facilities. This activity needs 
to be monitored very carefully because extra waste water in the pipes can cause 
accumulation of water in pipes and ultimately leads to sewer overflows. Therefore, 
a smart monitoring of urban underground infrastructure is very important. lOUT 
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can be used to develop smart applications for real-time monitoring of waste water 
or storm water over flow and timely warnings can be issued. 

There are very limited solutions for this problem because of connectivity 
issues and extensive cabling requirement for implementation of such solutions. 
Figure 10.6 shows the architecture of lOUT implementation in urban underground 
infrastructure. The lOUT-based urban underground architecture consists of the 
following basic components: 

• Sensors—Attached to underground pipes for sensing the incoming water and 
communicating the overflow, if happens. 

• Wireless underground communication technology [170] —Communication 
infrastructure connects the sensors and base stations to communicate data to 
the control systems. 

• Base Stations—Base stations collect data from the underground sensor nodes and 
send it to the control center/cloud for decision making. 

• Urban Infrastructure—Urban infrastructure includes roadside traffic poles which 
are used to implement aboveground communication technology with the under¬ 
ground sensors. 


10.4.2.2 Path Loss Model for Urban UG Infrastructure 

As discussed in the previous section, underground sensors have to communicate 
with roadside pole for communicating the status of water in the pipes. The medium 
of communication in this case would be road. Road is a complex medium which 
is made up of multiple layers: asphalt, air, and soil (see Fig. 10.7). Therefore, it 



Fig. 10.7 Layers of stratified underground medium [111] 
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is important to understand the effect of each layer of the medium to achieve long 
range of communication. To that end, authors in [95, 111, 114], authors have done a 
path loss analysis for improving wireless UG communication in urban underground 
lOUT applications of waster water monitoring. The path loss has been empirically 
evaluated in different UG communication media and with thickness of layers in 
striated medium. They used Friis equation [33] to calculate the path loss in each 
layer. The received signal power in a layered medium can be written as [1 11, 171]: 

Pr = -Lm^Gr^Pt^Gt. ( 10 . 1 ) 

where Lm is the attenuation due to layered medium. Lm is calculated as: 

fs + Li, ( 10 . 2 ) 

where L fs is the over-the-air path loss and Li extra attenuation due to EM wave 
propagation in the layered medium. It is given as: 

Lfs = 33.2 + 20log{d) + 20log{f), (10.3) 

N-l 

L, = J2Ln, (10.4) 

n=0 


where gives the attenuation in the n-th layer. depends upon the number 
of factors such as dielectric permittivity of the layer and the wavenumber of the 
medium. The wavenumber of the medium is given as jp -\- a = y where 


a = CD 




ll€' 




P = CD 




[1€^ 


l + (^)^+l 


(10.5) 


( 10 . 6 ) 


where cd = 27 tf= angular frequency, fi is the magnetic permeability, e' is the real, 
and € is the real and imaginary part of permittivity. Propagation loss, for n-\h 
layer is given as: 


LnVdB] = 20.y.d. log lO(^), (10.7) 

where e = 2.71828, and d represents the thickness of the n-th layer. [Ill] also 
determined the dispersion in the medium layers, i.e., soil, asphalt, and base gravel 
aggravate layer. The experiments showed that, generally, path loss increased with 
the increase in the distance, however, it was less than 100 dB till 4km. Similarly, 
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Fig. 10.8 (a) Effect of distance on path loss [1 1 1], (b) effect of distance on RSS [111] 

received signal strength decreased rapidly till 2 km, however, after 2 km, i.e., greater 
than 2km, the smooth decrease is observed. Both results are shown in Fig. 10.8. 
Therefore, up to 4km of communication range can be achieved if propagation loss 
of a stratified medium is properly modeled. 


10.4.3 Oil and Gas Reservoirs 

10.4.3.1 Overview 

As per international energy agency (IEA), the energy demand of the world is going 
to increase significantly by 2030 [38]. The major portion of this increase originates 
from oil and gas industries, however, the challenging environment of Oil and Gas 
sector is failing to meet such a huge energy requirements. An important aspect of oil 
and gas industry reservoir is to obtain real-time information. lOUT is an enabling 
technology for optimized operation of oil and gas industry. These operations include 
production, fiow monitoring, and reservoir monitoring [55]. 

The challenging conditions of Oil and Gas sector have limited the application of 
traditional wireless networks. Therefore, magnetic induction (MI) based technology 
is being proposed as an enabling technology to develop a sensing system [6, 9,146]. 
MI uses magnetic fields as major source of transferring communication. Its counter¬ 
part, EM waves, are highly effected by the properties of underground environment 
and requires large antennas for the implementation [29]. On contrary, MI is not 
affected by these properties. As large antennas are not feasible for lOUTs, MI uses 
tine coils as antennas, hence, are more practical choice for the implementation in 


lOUT. 



338 


10 Current Advances in Internet of Underground Things 


ll J 

Q Hydra ultc fracturing 

1 




Water level 


Sarvd stone 

% '' V v-. -.'A-. 




Oil reservoir .... .... 


Fig. 10.9 Architecture of Ml-based lOUT reservoirs [90] 


10.4.3.2 Mi-Based lOUT Setup 

An Ml-based lOUT network is shown in Fig. 10.9 which consists of randomly 
distributed N sensor nodes (underground things (UTs)) and M aboveground net¬ 
working equipment (anchors). The UTs are injected to subsurface area by hydraulic 
fracturing [35]. UTs are uniformly distributed with position represented as 5* = 
^i^=l where st = xt , yt , Zi are 3D position coordinates of i-th UT. Similarly, position 
of the 7 -th anchor is given as where sj = xj , yj , Zj . Moreover, position of the 
anchor is well known and is attached to the fracturing well. 

Large dipole antennas are used by the anchors to communicate with UTs. 
Downlink channel (anchor ^ UT) is single hop because of extended transmission 
capabilities provided by the large dipole antenna. Downlink channel is represented 
by dotted black lines in Fig. 10.9. On contrary, uplink (UT ^ anchor) communi¬ 
cation is multi-hop because of low power and transmission of UTs [153]. Uplink 
channel is represented by solid red lines in Fig. 10.9. High communication range for 
anchors is assumed because of the possibility of attaching them to external power 
sources. Waveguide structure of the coil is used to extend the communication range 
of MI coils [152]. 

UTs communicate with the other UTs and anchors using magnetic induction. A 
successful communication requires a proper coupling between the coils. Therefore, 
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to receiver strong signal, a tri-directional coil receiver structure is proposed in [156]. 
The advantage of this coil structure is omni-directional coverage provided by it. 
From the perspective of magnetic induction, received and transmitted power are 
related as [86]: 


Wjx P,. Nrj N,. rl rsin^ a,- j 

16i?o4 


( 10 . 8 ) 


where is the transmitted power, co and fi denote the angular frequency and 
soil permeability. Diameter of receiver and sending coil is given by and 
respectively. Nyj denotes the total turns in receiver coil, aij denotes the angle 
between both transmitting and receiving coil, Rq give dij =|| S/ — Sj || represents 
the distance between the sending and receiving destination coils. Equation (10.8) is 
also validated empirically in [156]. Equation (10.8) does not consider the skin depth 
effect because of low frequencies, however, high frequencies are used for the soil, 
therefore, it is necessary to consider skin depth effect for such cases. For skin depth 
effect, distance between two UTs can be modified as: 


dij = fiPrj) = arg {c;,7l®} 


(10.9) 


where 6 is given in [67] as: 

(Pti-Prj) 

© = 10 10 - 1 


l6Ro,Rordfj 


G'^icr, co, dij) 


( 10 . 10 ) 


In Eq. (10.10), G^(a, co, dij) is the additional loss due to skin depth effect and a 
denotes the soil electrical conductivity. 


10.4.3.3 lOUT Application in Oil and Gas Reservoir 

In [89], a Ml-based localization technique for Oil and Gas reservoir is proposed and 
evaluated using Cramer Rao Lower Bound (CRLB). The distance between any two 
UTs i and j in Ml-based lOUT is given by Eq. (10.9). As the transmission range of 
MI nodes is limited, so each node has to estimate only the distance between itself 
and nearby nodes. These distances are communicated to central control room, where 
missing distances are computed using matrix completion strategy as: 

dij if dij < dm, 

/V - \L - 1 /V 

dih(\) + / J dh(k),h(k+\) +dh(L)j otherwise, 


Pij — 
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where dm is the maximum transmission distance, L is the total hops between nodes 
i and 7 , and h{\), , h{L). All pij values will result in diagonal squared geodesic 

distance matrix (SGDM) as given below: 


( 10 . 11 ) 


where ^ is the square symmetric matrix where pij = pji and pu = 0. After 
creating the author employs dimensionality reduction technique to convert and 
visualize high dimensional distances into low-dimensional coordinates [ 88 ]. For this 
case three dimensional architecture, Isomap technique considered more suitable 
[159]. Isomap reduces the distances from high dimension to lower 3 dimensional 
coordinates. It does so by minimizing the following functions: 

CDCS) = ||s,--s,- f), (10.12) 

ij 

where || S/ — Sy |p is the euclidean distance between nodes i and j. Another approach 
by Kruskal [58] applies a centering operator to SDGM, i.e., (—^ = G^G), and 
gives a double centered matrix (H = —G^G^/2), where H is given as follows: 






^(A+M),l 


V ^=1 ;=i ^=1 ;=i / 

In above equation T = N -\- M. Eigenvalue decomposition of H gives 

s = vVu, (10.13) 


where V is the eigenvector of H and U is the eigenvalues of H. The 3D coordinates 
are relative to each other not with respect to actual coordinate system. These 
local coordinates are converted to global geographical coordinates using Helmert 
transformation [177] or Procrustes analysis [142]. The location of the nodes is 
calculated as follows: 


S = ?zr^(S)-h, r (10.14) 

where zu, g, and r are the different factors for rotation, scaling an translation, 
respectively. These factors are dependent upon the number of anchors being used. 
The cost function of Procrustes analysis is given as: 

M 

f(iu, T, g) = - giu^Si - rf x (s,- - giu^Si - r). 

i=i 


(10.15) 




10.4 lOUT Applications 


341 


The optimal values of m, g, and r are calculated by minimizing Eq. (10.15). 
To that end, it is assumed that centroid of the real and estimated anchor location 
is c,, = Si and ,Ce = Ylfii respectively. Rewriting Eq. (10.15) by 

putting values of Ca and Ce as: 


M 


T, S') = Ei ( (s, - Ce) - giU^iSi - Ca) 


i=l 


+ s,' - gw Si - T 


[(Si 


X (S/ - Ce) - gm (Si - Ca) 


+ Si - gm' Si - T 


(10.16) 


The optimal values of r are obtained by solving Eq. (10.16): 

T = Ce — gm^Ca. (10.17) 

Eurthermore, assuming that Cg = Ca = 0 and putting value of r in Eq. (10.16) 
gives 


M 

f{w, r, g) = y](s, - gw'^Si)^{Si - gw^Si). (13) 

1=1 


It is important to note that Eq. (10.4.3.3) is a convex function. Hence, this 
equation is differentiated with respect to ^ to obtain the optimal value of ^: 


(SgttrSj) 
Tr(S,Sj) ’ 


where the function Tr(-) is the trace operator. Lastly, the eigenvalue decomposition 

of is done to obtain the optimal value of zn. 

A proposed method is then analyzed by calculating CRLB as follows: 

CRLB = Ijj, + I-‘y + . (10.18) 


The proposed technique is evaluated for effect of coil size, number of coil turns, 
and transmit power on localization accuracy of the technique and shown that it 
surpasses the performance of other localization technique in both aspects. 
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10.5 lOUT Testbeds 

Academic lOUT Testbed lOUT can be used to estimate the water and fertilizer 
quantity to be applied using irrigation control system. A testbed in South Central 
Agricultural Lab (SCAL) in Clay Center, Nebraska [21, 100] covers an area of 41 
acres with advanced center pivot irrigation system installed in it. The purpose of 
this testbed is to study long-term effect of crop water and nutrient consumption, 
variable rate irrigation and fertigation, relation between the crop water stress and 
yield, development of crop production function, and other related topics under the 
settings of full and limited irrigation [21, 107, 112]. The testbed consists of a solar 
panel to provide sustainable energy, transmitting and receiving antennas, UTs with 
capabilities of measuring temperature and soil moisture. It is a fully functional 
testbed and lOUT sensing and communication can be investigated on it. 

Another testbed developed for dynamically controlling soil moisture for lOUT 
wireless communications experiments inside greenhouse [106, 123]. It is enclosed 
in 100 inx36 inx48 wooden box. It has capacity of holding 90 cubic feet of 
packed soil and also has a drainage system. Controlled wireless communication 
experiments are carried out but using antennas buried at different depths and 
distances. 

Another Ml-based testbed is developed in [156]. This testbed consists of coil 
buried in lab settings. It is used to study the effect of MI wave guide effect with 
different soil configurations. SoilBED [26, 96] is used for the cross-well radar 
experiments. They are used for detection of contaminated materials in the soil 
and studying EM wave propagation. Thoreau [140] is another university level 
underground testbed which collects and curates the time related data on the cloud. 
It works on Sigfox design and operates in unlicensed band of 900 MHz. It measures 
soil moisture, water potential, temperature, and electrical conductivity with a very 
low data rate. There are many other lOUT testbed which are being used for the 
academic purpose. Table 10.1 provides a summary of all such testbeds. 

Commercial lOUT Solutions Most of the commercial lOUT solutions use OTA 
wireless communication and UTs with high-end sensors for measuring various 
properties of interest, hence, measurement is centralized. UTs can be connected to 
each other to form a mesh, however, mostly UTs deployed in the field connects 
with any base stations in the field. This base station has some sort of cellular 
or satellite communication capabilities. Eigure 10.10 shows the classification of 
various commercial lOUT systems. A highly desirable feature of lOUT system 
is modularity. Modularity allows for change and customization of application. 
Customized solutions can be made for some specific application which will work 
out-of-the-box. Table 10.2 provides the summary of lOUT commercial solutions. 
These commercial solutions can be classified into the following major classes: 

• Agricultural solutions: Eield Connect, by John Deere, uses eight sensor probes 

to transmits data for measuring temperature, wind speed, wind direction Sm 

at different depth, and leaf wetness. These probes are located at 1 mile, and 
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Out-of-the-Box 


Communication 


Smartrek Technologies - mesh network of 
end-nodes 


Libelium - Waspmote platform 

Zenseio - Modular platform /Agricultura 

Solutions 


MultiTech - gateways, routers, and 
modems for different technologies 

Option - wireless solution 
for M2M communication 


OEM 


John Deere - Field Connect 
weather and soil wireless monitor 

IRROMESH - solar-powered 
wireless soil monitoring system 

\MimosaTEK - irrigation ancL 
fertigation systems 

Semtech - analog and mixed signal' 
semiconductors 


Cloud 


ST - semiconductors for loT 


U-blox - communication and positioning 
components for loT devices 

Telit - M2M small footprint tailored solution 


LORIOT - geographical 
distributed network of servers 

MyDevices - Cayenne drag- 
and-drop loT project builder 

• Senet - public cloud-based networks 
• Device Lynk - dashboard for industrial loT 
IntelliFarms - weather and crop market data 


Fig. 10.10 Different types of commercially available lOUT systems [173] 


in case of satellite communication, it is located at three miles. Mi-mosaTEK 
gives services of irrigation and fertilization solutions from small to large-scale 
farms [72, 108]. FarmBeats, developed by Microsoft, incorporate AI & loT for 
agricultural solution. 

• Out-of-the-box packages: Smartrek Technologies provide support for various 
sensors and gateways by developing weatherproof wireless nodes for outdoor 
settings and can easily be integrated into network mesh [93, 142]. Libelium 
provide solution, named as Plug & Sense Smart Agriculture solution [78], for 
sensing various farm parameters (SM, temperature, etc.). It develops platforms 
and end-user devices with support for various communication standards such 
as LoRaWAN, Sigfox, ZigBee, Wi-Fi, Bluetooth, RFID, and LoRa, etc. Their 
Waspmote platform has ability to attach 120 different sensors with connected 
sensor boards. Cropx’s [15] lOUT comes with the hardware and software com¬ 
ponents for measuring soil properties (moisture, temperature, EC) for real-time 
decision making and irrigation. Precision Hawk’s lOUT platform employs drones 
for sensing and generating field map using thermal, visual and multispectral 
imaging. 

• OEM components: OEM components are mainly used for manufacturing nodes 
at large scale, however, OEM devices are also required for prototyping and small 
scale production of specific UT. loT internal components, e.g., accelerometers. 
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MEMS microphones and gyroscope are developed by ST [147]. Various high- 
performance semiconductors and advance algorithms are supplied by Semtech 
[132]. 

• Cloud-based services: Cloud services can provide worldwide access to the 
information without having an technical knowledge of web programming. 
Stakeholders are not required to hire third party for configuring servers and make 
sense of collected data for decision making. LORIoT is one such cloud service 
which connect multiple distributed low latency networks through LoRa gateway. 
Some web service includes device management, cloud data storage, safe keeping 
of keys used for the encryption and translation of LoRaWAN to IP/IPv6 [68]. 
MyDevices helps loT developer by providing their drag-and-drop loT project 
builder called Cayenne. User can create accounts and use Cayenne (both web 
and mobile) for their IT devices registration and visualize the sensed data in 
customized dashboard. 


10.5.1 Challenges 

The combination of soil and communication components for wireless UG commu¬ 
nications is very unique. This combination requires us to study the fundamental 
concept of communications from a completely different perspective. The factors 
which directly affect the soil may also influence the performance of UG com¬ 
munications. The network topology should be robust enough to support and cope 
with the rapidly changing channel conditions. One of the most important soil 
properties to consider while designing lOUT is Volumetric Water Content (VWC). 
Therefore, it is very important to study the spatial and temporal variation of VWC 
in the region of lOUT deployment. Soil composition of a field location plays an 
important role in tailoring the topology design to meet the criteria of underground 
channel of that location, hence, it should be thoroughly investigated. For example, 
if the lOUT is being deployed in a region where soil composition has significant 
spatial heterogeneity, it will be beneficial to study the different node densities and 
inter-node distances. In addition to the soil type, VWC variations due to seasonal 
changes also significantly affect the communication performance [119]. Some 
of the environmental parameters were studied by performing experiments. These 
experiments show that VWC has an adverse effect on the UG communications. 
Therefore, while designing protocol for lOUT, these environment parameters must 
be considered. lOUT protocols must allow the dynamic adjustment of operational 
parameters to adapt to changes in surroundings. Lastly, lOUT feasibility is depen¬ 
dent on the investigation of multiple other factors that were not considered for 
traditional WSNs, e.g., soil composition and VWC. To this end, detailed channel 
characterization of wireless UG communication is required. There is some positive 
aspect of UG environment as well, e.g., its temporal stability. These positive aspects 
need to be exploited and studied further to achieve reliable and energy-efficient 
communication [120]. 
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Characteristics of UG wireless channel is the key factor which determines the 
data rate of communication in lOUT. If it is not well modeled, communication 
performance of lOUT suffers. Therefore, experimentation is needed for its char¬ 
acterization. Moreover, soil with communication components (antenna and wireless 
UG channel) gives unique lOUT performance characteristics. Figure 1.3 shows the 
empirical measurements [115, 121] for the soil effect on coherence bandwidth of 
UG channel and antenna bandwidth. 

Soil characteristics such as soil type, soil moisture, soil depth, and burial distance 
have an effect on communication performance [171]. It can cause dynamic changes 
in root mean square (RMS) delay spread, antenna return loss, and impulse response 
of the channel. Figure 10.11a shows the empirical values for antenna return loss 
(at depth of 40cm in sandy soil) in response to change in soil moisture. Soil 
moisture is represented by soil matric potential (CB) and both have an inverse 
relation, i.e., large values of matric potential indicate low soil moisture. Similarly, 
zero matric potential represents a near situation condition. It can be seen that 
resonant antenna frequency jumps from 244 MHz to 289 MHz when matric 



Frequency (MHz) 




Distance (ni) 

(C) 


Fig. 10.11 (a) Effect of soil moisture on antenna return loss at varying frequencies and fixed depth 
of 40cm in sandy soil [115], (b) effect of soil moisture on RMS delay spread at T-R separation 
distance of 50cm and two depths of 10cm and 20cm [115], (c) effect of T-R separation (distance) 
on coherence bandwidth at fixed depth of 20cm in silty clay loam soil [115] 
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potential value increases from 0 CB to 240 CB. This significant increase requires a 
dynamic change in operational frequency to achieve maximum bandwidth otherwise 
operation frequency will exceed the range of resonant frequency and antenna 
bandwidth causing the degradation in performance [19, 174]. Similarly, decreasing 
the soil moisture causes the antenna bandwidth to increase from 14 MHz to 20 
MHz. Accordingly, the soil moisture will also have a significant impact on system 
bandwidth [56, 92]. 

Soil texture is the measurement of percentage of sand, clay, and silt in the soil. 
Table 1.3 lists the classification of soil on the basis of texture and corresponding 
particle size distribution. Figure 10.11b plots change in RMS delay spread with 
soil moisture at a distance of 50cm and depths of 10cm and 20cm in silt loam. 
It can be seen that RMS delay spread, initially, decreases when soil moisture is 
decreased (0 CB to 8 CB). Afterwards, RMS delay spread is increased consistently. 
The occurrence of these variations with short period of time due to external impact, 
e.g., rain, may cause wireless UG channel to be frequency selective. 

Figure 10.11c shows the statistics of coherence bandwidth as a function of 
distance. For distances up to 12m, coherence bandwidth lies in the range of 411 
kHz and 678 kHz. Use of traditional communication techniques with this small 
coherence bandwidth may limit the achievable data rate in lOUT communications. 

These sources provide extensive data on soil moisture and temperature for vast 
geographical areas and extend the Web Soil Survey (WSS) [110, 178]. 

lOUT Other Soil Medium Properties Soil properties, other than the soil mois¬ 
ture, which can be measured using sensing technologies are: acidity (pH) [130,157], 
organic matter in the soil, sand percentage, nutrients such as P, Mg, Ca, OM, base 
saturation K, base saturation Mg, base saturation Ca, K/Mg, Ca/Mg ratios, and CEC 
[53, 62, 65], and clay and silt particles [113, 135]. These properties can be used to 
develop soil map. However, due to cost, size, and technology limitations, real-time 
and in-situ measurement of these properties is still a challenge. 

lOUT Yield Monitoring Yield monitoring is the application of lOUT in agri¬ 
culture. It is used to give spatial distribution of crop yield when the growing 
season is ending. It is used to make long-term decision in lOUT agriculture 
[59, 70, 99, 126]. The yield data is collected automatically by deploying yield 
monitors on the lOUT farm moving equipment. These equipment collect data during 
the harvesting season. Grain containers are equipped with mass flow sensors (e.g.. 
Force Sensor by Ag Leader) which records grain inflow with location. Different 
geographic information systems (GIS), e.g., Mapinfo, ArchInfo, and Environment 
System Research International tools can be used to analyze the data. 

lOUT Electrical Conductivity and Topography Surveys Electrical conductivity 
(EC) of the soil can be defined as the soil ability to conduct electricity [69]. EC 
data, combined with the field topography (slope and elevation), can be used to get 
insights on crop yield. EC measures the nitorgen usage, drainage, water holding and 
cation-exchange capacity, and rooting depth. EC classifies whole field into multiple 
zones then various precision agriculture technologies (e.g., VRT) are applied based 
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on zoning. There are various methods to perform EC mapping such as visible-near 
infrared reflectance spectroscopy (VNIR) [10,127], apparent electrical conductivity 
(ECa) [25], and electromagnetic Induction (EMI) [112, 148]. Commercial tools for 
EC mappings include: EC400 sensors combined with GPS systems [57, 94] and 
VerisSlOO [96, 168]. 

lOUT Weather and Environmental Sensing The performance of lOUT systems 
is highly dependent upon weather and environmental conditions such as wind speed, 
wind direction, temperature of soil and air, humidity, rainfall, and solar emissions. 
Weather and environmental sensors are used to measure all the mentioned effects. 
Such information is very useful in realization of real-time, informed and timely 
decisions in lOUT systems. Some of the examples of these sensors are: Eield 
Connect solution [51] and Mesoscale Network (MesoNet) [161]. MesoNet is a 
large-scale network of weather and environment sensing nodes covering large 
geographical areas. It detects major weather patterns and can be used to provide 
real-time information when combined with lOUT systems 

lOUT Macro-Nutrients Sensing Underground environment provides various 
important natural resources also including macro-nutrients. Macro-Nutrients 
(e.g., potassium, phosphorous and nitrogen) are very important for some lOUT 
applications. In agricultural lOUT, for example, calculating and assessing these 
nutrients help in determining the fertilizer application and impact in the future. 
In [74, 97], a sensing method is presented for detection of sulfate and nitrate 
concentration in natural water resources. This method uses planar electromagnetic 
sensors and senses nitrate and sulfate levels using correlation of their concentration 
and sensor array impedance. The study concludes that the sensor impedance is 
inversely proportional to the concentration of the chemicals. Other macro-nutrient 
sensing approaches that can be used in lOUT system include: ATR spectroscopy, 
VIS-NIRS spectroscopy, and Electrochemical approach. However, these approaches 
only sense on desired ion because their membrane respond to only one ion [65, 97]. 
Major challenge would be to develop a detector array of macro-nutrients sensing 
for accomplishing multi-ion sensing [53, 93]. 

lOUT Precision Agriculture Technologies As discussed earlier, precision agri¬ 
culture is one of the major areas and precision agriculture is major application 
of lOUT system. There are tons of technologies playing a very important role in 
adoption of precision agriculture practices which will be presented here as useful 
lOUT tools. These technologies include: auto-steering and VRT, precision planting, 
GIS systems, geolocation, soil sampling, field analysis map generation and drones. 
Precision planting [80] involves seeding based on fine predetermined inter-plant 
distance and laser robot with an ability of automated weed zapping. Earm devices 
are aligned using robovator technology. Multiple zones can be created on the basis 
for field conditions using GPS [102, 111, 182]. Eor the improvement of crop yield, 
variable rate fertilizer application [3, 125] is also very important. Another major 
component of lOUT system is the drone with wireless communication capabilities. 
Deere & Co. has developed a GreenStar Lightbar [34] to measure width and location 
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in the row crops. Another device, TK-GPS [160], is capable of performing real-time 
soil mapping. 

These sensing technologies can become the stepping stone for the development 
of lOUT systems. Inexpensive sensors and wireless communication make their 
integration with lOUT control system possible. One of the major components, for 
realization of real-time decision making in lOUT systems, is the wireless commu¬ 
nication between the heterogeneous sensor equipment. Furthermore, adoption rate 
of sensor technologies can be increased by a connected, secured, and reliable lOUT 
systems which in-tum will be very helpful in the development of improved sensing 
technologies in lOUT [91]. 

Some of the challenges in design and implementation of lOUT systems are given 
below: 

1. When being deployed in large areas, cost-efficient and simple lOUT devices are 
desired which can sustain all harsh environmental effects. 

2. Improving UTs will consequently increase the energy demand leading to less 
battery life. Therefore, energy harvesting, sustainable energy resources, and 
energy-efficient operations are the major challenges in lOUT systems [125]. 

3. Due to heterogeneity in UTs, seamless integration of UTs with communication 
systems is required. 

4. For farm lOUT, multi-modal and inexpensive sensors are required which can 
sense physical parameters of soil in addition to moisture. Although, SM provides 
important information for irrigation system, however, in-situ sensing of soil 
chemicals is required for variable rate fertigation. 

5. Secure mechanisms are required to store and transfer information from the fields. 
Moreover, solutions are required to merge data from all the fields for improved 
decision making in private and secure manner. 

6. Seasonal changes can alter the working of lOUT equipment, e.g., freezing 
temperature can increase power consumption. Equipment can be set to sleep 
mode when monitoring is not needed [98]. 

7. UTs must be able to dynamically change their operational parameters such as 
frequency, modulation schemes, and error encoding schemes to adapt to changes 
in communication medium. 

8. Impact of medium properties, e.g., soil in agriculture, must be modeled. A 
detailed analysis for these properties can support in building scalable and reliable 
lOUT architecture. 

9. There is a dire need for specialized link and network layer protocols for UG 
communications which can lead to robust data transfer in lOUT. 
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11.1 Introduction 

Decision agriculture (also referred to as precision agriculture (PA)) can be termed as 
the process of adequate amount of farming techniques, i.e., only applying sufficient 
and required amount of nutrients, seeds, water, and other farm resources. It helps 
in avoiding waste of resources while increasing the crop production [101]. This 
is achieved using various technologies such as creating soil maps, image analysis, 
variable rate application, measuring soil moisture and soil chemical content, and 
automation of farming equipment [14, 116, 122]. 

PA’s objective is not just to increase the sustainable crop production. It also help 
towards improving workers condition by automating the repetitive task based on 
soil moisture and weather readings [35]. It also impact socially by providing more 
control over environment. It can be used locally or can be expanded over large fields 
spanning over several kilometers. For example, it is being used to monitor individual 
testbed in a greenhouse [30] as well as used for controlling pollination of crops [50] 

(Fig. 11.1). 

Soil moisture provides information on vegetation and climate state. It also effect 
the underground communication; therefore, it is important to monitor soil. Scale of 
soil monitoring can vary from application to application. For a large geographical 
area, satellites or unmanned aerial vehicles (UAV) are used to perform spectral 
image analysis. However, this approach is limited by bad weather conditions such 
as heavy clouds which can block the view [55, 71]. These methods rely on number 
of factors such as quality and post-processing of image, quality of captured videos, 
instrument calibration, cloud screen, atmospheric correction, normalization of off- 
nadir effects [54]. The analysis of global position system (GPS) microwaves signals 
in the L-band and cosmic-ray neutron probe can be counted as medium level soil 
monitoring approaches [57]. In-situ measurement techniques are invasive, e.g., 
gravimetric sampling and can be very time consuming if samples are collected 
manually. In-situ measurements can be used as a calibration step for large-scale and 
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medium-scale soil monitoring mechanisms. The wireless technology saves the cost 
for installation and maintenance and provides the facility of real-time information 
access [69, 121]. 

The probability of mismatch between the spatial scale of the soil moisture 
measurement and the one required by the application is high [66,118]. For example, 
UG node is deployed several meters way from the sensor which it is assigned to 
monitor. Upscaling the soil moisture readings to the area where UG node is deployed 
can help in achieving better communication. The soil moisture readings by WUSN 
are used as an input to control the CP irrigation system rate. The overall status of 
the complete field can be obtained by upscaling the data [13, 77, 80]. Just as in- 
situ soil moisture can calibrate the medium- and large-scale soil moisture sensing 
products, similarly, these remote solutions can be used for upscaling data in WUSN 
or self-calibration [38, 86]. In the following sections, various solutions for sensing 
soil moisture are described. 

Cyber-physical system (CPS) is an integration of computational components 
into engineering systems which are used to detect, react, and communicate certain 
environmental conditions [16, 69, 102, 117]. The CPS aims to create a smart 
physical and cyber domain by improving machine-to-machine (M2M), human-to- 
human, and human-to-machine [120]. In precision agriculture (PA), a network of 
farm machinery can be transformed to a CPS by making them environment-aware 
and proactive to environmental changes and conditions. To that end, WUSNs extend 
the PA by transmitting data to an open access media, providing high spatio-temporal 
resolution of environment properties [17], and not being effected by the farm 
activities due to buried devices [4, 77]. Moreover, these activities can be automated 
and controlled by using cloud services. To summarize, a WUSN can be converted 
to a CPS system by adding actuators which reacts to physical world phenomenons 
and cloud control applications [79, 100, 117, 120]. 

A successful agricultural development impacts the local community, the nation, 
and the world in a very positive way. It also plays an important role in driving 
country’s economy because everyone is either a producer or a consumer of food, 
hence it cannot be ignored. There is also a social responsibility of making better 
use of limited resources while fulfilling the food needs of the people. The most 
important resources used in farming are soil and water which makes need of 
developing underground detection and communication methods more inevitable. 
To that end, WUSN aims to detect and communicate the farming conditions and 
parameters in soil, however, face many challenges. 
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The United Nation resolves to eliminate malnutrition and poverty by 2030. 
However, the current food production rate of the world is much bigger than the 
UN’s agenda [23, 84]. By 2050, the World’s population is expected to be 9 billion. 
The increase in population will eventually increase the demand of human’s as well 
as livestock food by 25-70% [37, 93]. Current farming practices are not climate- 
friendly affecting the food production methods, hence developing environmental- 
and climate-friendly farming practices is an urgent need of the hour. Meadows and 
forests can be converted to arable field to increase the food production [28, 90], 
however, this can disrupt the ecosystem by increasing the greenhouse effect due to 
deforestation. Extreme weather conditions, e.g., drought or prolonged hot weather, 
can harm crop fields wasting the farmer’s hard work of a complete season. 

Instead of creating new fields, a possible solution can be to optimize the usage of 
current available resources by use of information and technology. Technology can 
predict exact dose of fertilizers and pesticides to be applied in the crop and produce 
genetically modified crops. However, consumers are more attracted towards organic 
food; therefore, these practices are not being adopted in excess [25, 88]. Farms 
in underdeveloped countries lack means to adopt these improvements. Conversely, 
optimized water usage has significant advantages to implement agriculture in areas 

where water is scarce. 

3 

Three-fourth (-) area of the Earth is covered by water, of which only 2.5% of 

the water is fresh water. From that 2% of fresh water, 70% is frozen (glaciers and 
ice caps) and rest (residual 0.75% of freshwater) is in swamps, underground, lakes, 
rivers, living things, and the atmosphere. 70% of the residual freshwater is used for 
irrigation [61, 91]. Therefore, water is a very valuable and scarce natural resource 
and must be optimally used by adopting efficient food production technologies [95, 
119]. 

The practical application of wireless underground communication is limited 
because of high signal attenuation by soil moisture [4, 6, 7, 17, 18, 103, 108, 
112, 115]. There have been extensive studies which provide guidance on how 
communication can be made better in an underground channel. For example, 
channel model for soil-air communication is presented in [19, 89], channel model 
considering impacts of various deployment and environmental parameters is pre¬ 
sented in [45, 87, 112], and a three-wave channel model is given in [18, 113]. 
These models can be validated by testing them empirically. An outdoor testbed 
is created to perform this research. This testbed simulate real-life scenarios such 
as crop rotation, fertigation events which are faced by sensors and transceivers, 
dynamic weather conditions, and irrigation. Soil moisture level can vary because 
of irrigation and storm, therefore, it would be interesting to study the effect of 
such variation on communication performance. The performance of communication 
systems must be measured and analyzed for a long operational period of time to get 
better understanding of the communication in underground environments. 

Internet of Things (loT) provides many sensors (commercial and proprietary) for 
sensing soil condition and solution for reacting on the basis of sensed information, 
e.g., applying right amount of water [3, 20, 22, 24, 26, 52, 55-58, 63, 73, 92, 122]. 
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However, most solutions are application specific such as related to data storage, 
information acquisition, or communication [1]. Therefore, a complete general 
framework is required with capability of sensing, modeling, decision making, and 
performing actuation. A cloud-based middleware platform accomplishes informa¬ 
tion exchange, provides global data access and management facilities, and gives 
on-demand processing services [46, 96] . This work develops an autonomous cloud- 
based application for controlling irrigation system. This model can be used as a 
guideline for development of PA middleware projects. 

CPS models physical processes using data abstraction. Therefore, it is important 
to give theoretical reasoning for each CPS component and decision while explaining 
this system [67, 97]. Introduction of engineering systems into the CPS necessitates 
the development of a framework containing modeling and abstraction of CPS. 
Abstract modeling of CPS architecture makes it easier to integrate the components 
developed by other disciplines [42, 65]. Nevertheless, it has helped many fields to 
make quick substantial improvements, e.g., wireless sensor networks (WSNs). 

During the past decade, developments in WSNs have led to discovering long- 
range and/or power-efficient communication protocols [5]. To prolong WSNs life¬ 
time, novel methods of harvesting energy from natural resources (light, vibration, 
heat) and electromagnetic sources are being investigated. Micro-electro-mechanical 
systems (MEMS) have contributed to the success of WSNs by providing precise, 
small, and affordable sensors. CPS abstraction enables this alliance of these 
independent and interdisciplinary studies, e.g., a middleware issued command or 
transfer data to various devices without worrying about the data types or underlying 
network [36, 70]. 

Wireless underground sensor networks (WUSNs) are a subset area of WSNs 
which enables the communication between buried underground (UG) nodes and 
aboveground (AG) devices [5]. Water retention in soil affects the wireless commu¬ 
nication. Path loss modeling is also an active research area in UG communication. 
WUSNs application includes border surveillance, natural disaster detection (e.g., 
earthquakes and landslides), mine safety, and precision agriculture [4, 5]. 

WUSNs are well-suited for measuring the amount of water and nutrients in the 
soil. UG devices can be deployed for taking measurement without being visible to 
farm equipment and machinery. AG nodes can also be deployed in such location 
where they can communicate wirelessly without being obstructive [4], e.g., nodes 
can be attached to moving equipment to collect data from all over the farm. 
Typically, a central data storage and processing is also implemented. 

Precision agriculture (PA) can be termed as the process of adequate amount of 
farming techniques, i.e., only applying sufficient and required amount of nutrients, 
seeds, water, and other farm resources. It helps in avoiding waste of resources while 
increasing the crop production [101]. This is achieved using various technologies 
such as creating soil maps, image analysis, variable rate application, measuring soil 
moisture and soil chemical content, and automation of farming equipment [14, 70, 
116, 122]. 

PA’s objective is not just to increase the sustainable crop production. It also help 
towards improving workers condition by automating the repetitive task based on 
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soil moisture and weather readings [35]. It also impact socially by providing more 
control over environment. It can be used locally or can be expanded over large fields 
spanning over several kilometers. For example, it is being used to monitor individual 
testbed in a greenhouse [30] as well as used for controlling pollination of crops [50]. 

Precision irrigation applications require high spatio-temporal resolution for 
proper working which is provided by the sensor networks. Wireless communication 
helps in providing remote information access. This information is provided in real¬ 
time so that manual manipulation can be avoided to get an idea about the field 
conditions. Dong and Vuran [17] used small amount of sensors for measuring soil 
moisture because of precipitation duration and rainfall cell radius magnitude. 

Vereecken et al. [Ill] discusses various techniques for estimating exact location 
of the sensor nodes. In general, examining different soil properties with varying soil 
moisture level can give an average soil moisture value for the field. Delgado and 
Martinez [15] calculates location-specific solar radiation intensity values to estimate 
the evaporation rate corresponding to that certain location. A mobile application 
is used for this approach. The calculations matched the reading from agriculture 
station which helped in generalizing the result to all those locations which have same 
radiation conditions. Sensor cluster is then placed in chosen area with following the 
recommendations given in [17, 71]. 

The primary task in the WUSN is to determine number of sample readings. It 
is important because sensing and communicating data consumes large amount of 
power [17, 41]. Shallow roots and high porosity cause speedy water infiltration and 
evaporation in soil. Therefore, large sampling rate is needed to overcome this highly 
fluctuating effect. 


11.2 Management Zones in Digital Agriculture 

The regions in the agricultural fields with similar characteristic are known as man¬ 
agement zones (MZs). Identifying MZs is an ultimate goal of precision agriculture. 
MZs differ from each other in major factors such as topography, soil type and water, 
and nutrition availability [9]. MZ must be large enough for variable rate application 
(VRT) and small enough for the precise application. MZ can help in increasing 
output of farms in terms of cost, yield, and quality of production [40]. MZs can 
be identified on the basis of large variety of attributes, e.g., soil sampling, sensing, 
or plant-based. Combination of these attributes can also be used. Any information 
obtained for these variables can open new possibilities for crop management. 

Soil-based measurement can be used to provide more temporally stable zones. 
For example, ECa has been used extensively for MZ delineation [39, 53] along with 
elevation mapping using real-time kinematic-GPS [60, 98, 113, 115]. Soil ECa is 
suitable for explaining spatial variability for static soil properties, however, it does 
not explain the spatial variability of yield or quality which strengthens the argument 
of using the combination of different parameters in the process of MZ delineation 
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for meaningful results. References [98, 115] recommends using the combination of 
crop-based and soil-based MZ for the analyses for temporal variability. 

NDVI is also a useful parameter for delineating MZs [21, 71]. It is related to 
various crop properties such as chlorophyll content, biomass, leaf area [32], crop 
yield [105] and quality. MZ delineation can be classified on the basis of application 
to inputs, e.g., nutrient MZs, irrigation MZs [1 10], and MZs for herbs and pesticides 
[68, 107, 109]. 

Nutrition MZs have been found in citrus orchard on the basis of soil variation 
[99], in wheat crop on the basis of ECa, soil depth and elevation, and in variable rate 
nitrogen application for increased nitrogen efficiency [60]. Nitrogen management 
in spring wheat has been optimized by using a spatio-temporal Bayesian network 
[44, 90]. References [31, 68] used soil available water, yield data, and ECa satellite 
images to delineate an irrigation MZ and found that soil ECa is extremely useful in 
forming irrigation MZ for variable rate application of irrigation in pivot systems. 


11.2.1 Methodology for Delineating MZs 

There is no specific methodology to analyze the multi-layer information obtained 
from the field and delineate MZ [29, 91], hence evaluating different algorithms 
and methods for MZ delineation is a challenging task. Several methods have been 
proposed to delineate MZ based on nature of data sources, agronomic knowledge of 
the field, and inter-dependencies of data variables. The most common methods for 
delineating MZ in digital agriculture framework are described below. 

Empirical This simplest and easiest method requires farmers to visually inspect 
the attribute map or aerial images and delineate the MZ based on their personal 
experiences from the field. It is an accurate method since the field observations are 
not scientifically validated and may also incur the personal bias in judgment of the 
farmer. 

Geo statistical Geostatistical methods have been used to analyze and combine 
different parameters for producing MZ maps. Due to values spatial dependence, 
sampling points can be interpolated using geostatistical methods. Maps for the 
whole field can be generated to study the variability of the properties across the 
field. All layers of information can be overlaid over each other using interpolation. 
[2, 65] did MZ delineation using multivariate analysis. In [43, 95], MZ delineation 
for soil moisture is done for management of water under stressed condition using 
multivariate geostatistics. 

Clustering Cluster analysis classifies the data into discrete classes or clusters. K- 
means (also known as c-means), a non-hierarchical clustering technique, divides a 
multi-dimensional data into k-clusters. Centroid in each cluster is Euclidean dis¬ 
tance away from the data points. Ping et al. [62] uses k-means to evaluate procedure 
for MZ delineation in cotton. Euzzy k-means, an extension to k-means, accounts for 
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the uncertainties related to class boundaries and membership. Molin and Castro [51] 
show that principal component analysis (PCA) and fuzzy logic application on soil 
data and ECa can reliably delineate soil MZ. Many universities have also developed 
software that perform fuzzy k-means. For example, Management Zone Analyst 
(MZA) was developed by University of Missouri [27] and FUZME developed by 
University of Sydney, Australia, have been extensively used by researcher all over 
the world. ZoneMAP automates delineation of MZ from satellite imagery and field 
data as an input from the user and use the fuzzy k-means as a processing algorithm. 

Degree of Agreement References [39, 82] delineate soil productivity zone (SPZ) 
and yield productivity zone (YPZ) using unsupervised fuzzy k-means clustering. 
They calculated degree of agreement by matching outcomes of YPZs and SPZs 
with overall accuracy statistics (matched cells divided by total cells in data sets). 
Same concept is applied for delineation of MZ in vineyards [85, 104]. Field data is 
collected and analyzed by using crop canopy and soil sensors. Mono-parametric 
zone maps are generated using fuzzy clustering. This data analysis method can 
be extended by including comparison between more parameters, and enhanced 
information management during digital agriculture experiments. 

Other studies have used combination of statistical and geostatistical methods 
along with fuzzy clustering method to create management zone. Chlorosis MZs 
were created in soybean and maize by examining data for pH, yield, NDVI, and 
ECa. They selected NDVI and ECa, using data interpolation and regression analysis, 
to delineate MZs using MZA [27, 84]. 


11.3 Modeling and Decision Support Systems in Digital 
Agriculture 

Decision support systems (DSSs) can be defined as a computerized system which 
are used for making decisions using the models and databases (see Fig. 11.2). 
Motivation behind using DSSs is to choose the best alternative from social, 
economic, and environmental point of view. An overview and role of DSSs in 
agriculture, farm planning, and management is presented by [47, 75]. However, 
due to difference in the context of farmer and scientist, adoption of DSSs in digital 
agriculture is very low. 

For a long period of time, the only objective of agricultural production was to 
secure profits and no considerations were given to the environmental impact caused 
by it. Farmers are now facing lot of pressure from environmental protection agen¬ 
cies, public, consumers, and bank. Farming practices now need to be adjusted for 
the environment protection. However, all production regulations and specifications 
still cannot guarantee a clean agriculture [49, 78]. As per [47, 81]: The planning 
and development process in agriculture is a complex problem which, if not face 
thoroughly, cannot be solved easily. Due to diverse agricultural conditions, same 
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Fig. 11.2 Structure of a basic decision support system (DSS) 


practice may produce different results in different fields. Therefore, decision making 
in agriculture is not based on set of well-defined rules and regulations instead it is 
based on experience, knowledge, and skills of producers. 

In linear model, several controlled experiments are performed with each exper¬ 
iment observing some variables while others being controlled and standard rec¬ 
ommendations are made as an outcome [11, 83]. When linear model is applied 
in agriculture, research data is analyzed and interpreted as recommendations to 
farmer. However, in reality, few farmers apply these recommendations, therefore, 
the use of linear model in agriculture is very rare. Cook et al. [12] summarized that 
scientific results from experiments in agriculture are not well translated by DSS and 
adopted by farmers because scientist and farmers do not see the problem in same 
way. For example, scientists gave more importance to the information related to the 
quantifiable effect of factors while ignoring the farming environment in which they 
are occurring. 

Scientific publications have to satisfy certain strict rules regarding experiments, 
technical requirements, and statistical procedure to get published. Most of the 
research is published in peer-reviewed journals with requiring scientists to demon¬ 
strate that finding applies to any particular condition of end user. This difference 
between scientific and a more complex farming world makes it difficult for the 
farmers to apply the insights from the formal experiments in the real world. This 
is the area where modeling and validated DSSs can help to bridge the gap between 
the research and adoption of the research by farmers. Recent advancement in 
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communication technologies have given access of key information to the farmers 
via cell phones or sophisticated agricultural machinery. 

Agriculture sector is disorganized due to uncontrolled variations. These uncon¬ 
trolled variations (due to site- and time-specific effect) led to the development of 
statistical methods by Fisher and co. (Rothamsted Experimental Station, Harpenden, 
UK) for clarification of experimental effects in agriculture. Fisher’s statistical 
methods allow for the simple evaluation method for publication of scientific work 
at the expense of adaption and recognition from the end user. 


11.3.1 Issues in DSSs 

There is a lack of proper DSSs in digital agriculture 148,76]. Although, DSS is more 
user-friendly today, however, does not completely addresses the needs of the user. 
Historically, digital agriculture has more focused on spatial variability, however, 
temporal variability for the crop and animal production is also being considered 
now. In addition to spatial and temporal variabilities, digital agriculture also has to 
deal with uncertainties, human and social issues. Some of the issues are discussed 
below. 

Soil (Spatial) Majority of research in DA is mainly focused on spatial variability. 
Soil information must be brought down to useful and properly quantified parameters 
for integration to DSS. Soil sampling is done to assess the physio-chemical 
properties of the soil and aligns with the goals of digital agriculture if done with 
adequate planning and spatial statistics. However, it is not possible to always use 
interpolation for the mapped points due to sampling resolution limitations 133, 74]. 
Moreover, applications map created by the interpolation may be misleading and 
detrimental. With the development of proximal and remote methods, sampling can 
be replaced with sensing at much higher spatial density. The spatial density is so 
high that interpolation and MZ production can be eliminated. The rapid and high 
turnover of technology has produced a gap between scientific understanding and 
technological capability to measure and apply input and outputs of the crop 18, 79]. 

References 159, 76, 94] studied soil properties for site-specific protection and 
found that heterogeneous soil properties effect the weeds, pests, and pesticides 
behavior. They concluded that information on soil variable properties combined 
with precision crop protection (PCP) can benefit both economically and eco¬ 
logically. Another study by Christensen et al. 110] proposed a computerized 
management system which assists in making decision on choosing herbicides and 
doses of herbicides. The system uses a huge database of herbicides performance on 
various crops for ranges of weeds at different growth stage. It allowed to rank and 
make recommendations on efficient herbicides or number of doses to use against 
weeds. References 164, 73] reported localized mechanical stress (e.g., compaction 
during traffic) as one of the possible causes for the high variability in the soil 
structure within the field. 
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11.4 Precision Agriculture Technology 

A total of 32% increase is expected in world’s population by 2050. This increase in 
population will also result in doubling of food demand. Food production is the cause 
of 70% of water withdrawal in the world. Therefore, there is a dire need of novel 
technologies which can produce more crop for drop. USDA Agricultural Resource 
Management Survey (ARMS) publishes information on food production practices, 
financial conditions, resource utilization, and economic well-being of America’s 
farm household and business. ARMS data shows that precision agriculture is being 
widely adopted by American farmers. In Fig. 11.3, adoption rate of major precision 
agriculture techniques (represented by bars) is plotted along with the adoption 
of precision agriculture for com (represented by line) based on the ARMS data 
published yearly (USDA ARMS 2015). It can be clearly seen that, for corn, adoption 
rate for precision agriculture has significantly increased from 17.29% to 72.74% 
between the years 1997 and 2010. Similar trends have been noticed for other crops 
such as peanuts and soybean. Apart from high adoption rate of precision agriculture 
in corn production, farmers are adopting new technologies as they emerge [88, 95]. 

Crop yield monitoring is one of the most adopted (61.4%) among all precision 
agriculture techniques. For guidance and auto-steering, the adoption rate increased 
from 5.34% to 45.16% in 9 years. Auto-steering information allows precise control 
by using equipment and spatial information of the crop while reducing maintenance 
cost and extra work for farmers. Although other precision agriculture techniques 
have seen drastic increase in adoption rates, adoption of variable rate technology 
(VRT) has been steady relatively. In 8 years (1998-2005), VRT’s adoption rate has 
increased from 8.04% to 11.54% only. Crop production has increased significantly 
by adaptive application of agricultural resources (e.g., fertilizers, pesticides, and 
water, etc.) but gathering correct and timely information from the field is also key 
factor for improving crop growth. It is evident from the fact that after the adoption 
of crop moisture sensing technology, the adoption of VRT doubled (from 11.54% to 
22.44%) in the period of 2005-2010. The same period sees the increase in adoption 
of crop moisture sensing from 36.21% to 51.68% [65, 91]. This shows that VRT 


Fig. 11.3 Data by USDA 
ARMS on PA adoption rate in 
com fields [114] 
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adoption is highly dependent upon the advancement in soil monitoring technologies. 
Crop moisture sensing has become the most adopted and popular technique in a very 
short period of time. Yet the techniques are being used with manual data collection 
or very limited coverage of the field 167] . 


11.5 Global State of Precision Agriculture 

There is not much information available on precision agriculture (PA) adoption 
all over the world. The most desirable form of information would be published 
statistics, by known and credible organization, about the farming sector, however, it 
is very rare. Other useful information may include data obtained from the surveys 
and interviews of the farmers, opinions from the academics doing research in 
concerned field, and industry reports, etc. Though this data is rare and very low, 
it is still better than guessing 178]. This section aims to provide information on the 
state of PA adoption all over the world 134]. 


11.5.1 Bulgaria 

Although, there is no official data available on PA in Bulgaria 134], however, the 
first implementation of PA was using lightbar displays for fertilizer application 
somewhere around 2002-2003, and were extended to be used in sowing and 
weed control after the invention of automatic steering systems. After 2009, these 
technologies became famous and were commonly used in Bulgaria. For example, 
farm machines come with the advanced equipment such as steering systems, global 
navigation satellite systems (GNSS) displays, guidance systems for slopes, yield 
monitoring systems for creating yield maps during harvesting season, and spray 
control systems for sections. However, these technologies are limited to big farms 
for oilseeds and grain production located in North Bulgaria only. As per 2016 
agricultural census, 2350 large farms which cover 68% of agricultural area have crop 
and livestock output greater than 250,000 EUR. These farms produce extensively 
and represent around 45% of the farm output of the country. These big farms are 
using variable rate application, soil sampling. Geoscan, and weather monitoring 
technology and some of them use precision planting and precision irrigation. Due to 
lack of access to technology, small scale farms do not implement PA technologies 
and livestock sector is even far behind in adoption than crop production 172, 115]. 

PA systems (precision farming systems and different software) are being offered 
by few companies but they are being implemented by only large farms. Moreover, 
PA implementation relies majorly on economic profitability and affordability of 
farmer. To that end, detailed investment information on PA technologies is lacking. 
Although, the advantages of PA are being debated over many forums, however, a 
farmer’s perspective is lacking. To that end, a survey study results were published 
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in 2018 which shows that, out of 258 randomly sampled set, 49% do not have 
knowledge about the technologies, 38% have no plan to implement PA, and only 
4% plan to implement PA [93]. 

PA technologies are discussed in various universities and scientific institutes 
of Bulgaria. For example, remote control methods, such as satellite imagery, are 
being used to monitor the crop and land conditions at the Space Research and 
Technology Institute since its inception from 1970s. The Institute is working 
on many satellite systems projects funded under the 6th and 7th Framework 
Program, Horizon 2020, and others. Other Institutes, e.g., Kliment Ohridski, a 
Geological-Geographical Faculty from The Sofia University has developed remote 
methods involving satellite images and drones. The Agricultural University-Plovdiv 
is offering PA specific master courses under Erasmus projects. It is conducting 
experiments near Plovdiv city for the development of crops and varieties of maize, 
sunflower, and wheat. Agricultural Hubs also play an important role in PA adoption. 
For example, SmartAgriHubs coordinated by Wageningen University under Horizon 
2020 Program and Bulgarian AgroHub comes under the European SmartAgriHubs 
project. 


11.5.2 Denmark 

In 2019, PA technologies were being used in 28% of the Danish farms which cover 
66% of farming land. Denmark is one of the very few countries which officially 
collects data on PA via government offices using stratified sampling and sample size 
of 6005 respondents. The survey includes the PA technologies such as: drone images 
and crop sensors, global navigation satellite systems (GNSS), software for planning 
nitrogen applications, sprayer section control. It was found that GNSS guidance, 
sprayer section control, drone or satellite images, and crop sensors were used 24% 
(covering 59% of the farmland), 40% (covering 40% of the farmland), 5% (covering 
15% of the farmland), and 2% (covering 8% of the farmland) of the Danish farms, 
respectively. Average farm size in Denmark was 83 ha and the average farm size 
adopting GNSS guidance and crop sensor was 202 ha and 342 ha. It shows how, 
like other countries, large farms have more PA adoption rate than smaller farms 
[34]. 


11.5.3 France 

France has a largest agricultural area (292,800km^ (53.2% of the surface area of 
France), about 1/2 ha per inhabitant) and employs 3.4% of the population generating 
4.5% of GDP (over 72 billion euros) [34]. It is the largest agricultural country in 
European Union covering 18% of agricultural land in Europe. Some of the main 
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productions include wheat (5th in the world), corn (8th in the world), sugar (7th in 
the world), wine and milk, livestock and meat products (5th in the world for beef). 

The Observatoire des Usages de L’Agriculture Numerique (Digital Agriculture 
Adoption Observatory— http://agrotic.org/observatoire/chaire-agrotic/) is a partner¬ 
ship of 8 research institutes, 2 universities, and 28 agricultural related companies 
and collects PA data in France. Some of the observations from the data are given 
below: 

• Software-based variable rate input application is used by 4% French farmers. 

• By 2017, remote sensing is used by 1 million ha of farm land with distribution 
of 85% satellite, 15% using drones/aircraft. Moreover, 10% and 1% of crop and 
viticulture area, respectively, were being managed by remote sensing. 

• Electrical conductivity or resistance sensors are used to map approx. 135,000 ha 
(>1%) of French farmland in the last decade. 

• 20% of the French farms uses soil maps developed by the professionals. 

• In 2018, milking robots were being used by 10% of the dairies and other 70% 
were thinking to acquire it; 10 robots were being used for weeding vineyards and 
100 for vegetable crops. 


11.5.4 Malaysia 

Prof. Siva Kumar Balasundram from Universiti Putra Malaysia (UPM), Department 
of Agriculture Technology and a Malaysian representative in ISPA says that, PA is 
limited to research purposes and community in Malaysia and there is no adoption 
statistics reported yet. It is also confirmed by Dr. Hari Krishna of Sime Darby stating 
the cost as a reason of low adoption. Dr. Redmond Shamshiri, formerly with UPM 
and now with Bioeconomy Institute (ATB) Potsdam, Germany, also says that PA in 
Malaysia is being studied by universities, government research institutes (Malaysian 
Agricultural Research and Development Institute, the Malaysian Cocoa Board, and 
Malaysian Palm Oil Board), and some startups. The efforts to promote PA in 
Malaysia include study tour of Malaysian farmers to New Zealand in 2017 organized 
by Space Exploration Asia in partnership with Adaptive AgroTech Research Group 
International, the New Zealand Center for Precision Agriculture, and Massey 
University of New Zealand. Malaysian Remote Sensing Agency (MRS A) conducted 
a PA project in rice, however, adoption by farms is very low [34]. 


11.5.5 Pakistan 

In January, 2019, a delegation headed by Dr. Yubin Lane from South China 
University visited University of Sargodha in Pakistan to introduce and promote PA 
to researchers and farmers of Punjab province of Pakistan. They, for the first time. 
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practically demonstrated the application and effectiveness of drones technology 
for precise application of spray in the agricultural campus of the University of 
Sargodha. The technology efficiently uses the available resources as per requirement 
and also enables secure crop production [34] . 


11.5.6 United Kingdom 

In 2018, Harper Adams University (HAU) conducted an electronic survey from 
thousands of UK farmers on farmer mailing lists. The survey shows that 48% 
of a total of 186,000 respondents use map-based variable rate technology (VRT) 
fertilizer, 63% use GNSS autosteer, 53% use GNSS sprayer boom control, and 15% 
use optical nitrogen sensors. It shows them as a leading users of VRT fertilizers 
as its adoption hardly exceeds 20% in any other country/region of the world. UK 
farmers prefers personal training but open to use electronic tutorial materials and 
willing to pay average 278 euro (339 USD) for annual subscription with web-chat 
support, if available. 40% were willing to share data for technical help [34]. 


11.5.7 Ukraine 

PA is readily available in Ukraine with many startup companies providing PA 
services (drones, soil mapping, and testing, etc.). Big farming companies like Kernel 
(www.kemel.ua) are providing services such as: yield mapping, satellite images, 
variable rate technology for fertilizer and seed, and intensive soil sampling. There 
is no official data on PA adoption in Ukraine, however, all indications show that 
PA is very limited in Ukraine except for GNSS. laroslav Beiko, ISPA member 
and co-founder of AgriLabs, says that, ‘'Ukraine is at beginner stage of adopting 
PA components with 20% usage of automatic section control. The conscience and 
systematic use of PA complex (field mapping to VRT fertilizers and seeds) is less 
than 5% of the area." Some other industrial sources state higher adoption rate with 
same underlying story, e.g., SmartFarming website shows adoption rate of 30% but 
with limitation to single technique—an autopilot/guidance system for preventing 
overlaps and gaps in the fields [34] . 


11.5.8 Poland 

By 2017, there was 14.6 million ha of agricultural land and 10.8 million ha sown 
land (with 70.7% of Cereal) in Poland [34]. There were 1.4 million farms; 2.5% of 
which are more than 50 ha covering 31% of agricultural land area. The agricultural 
land area depends on region of the country, e.g., in southern part it ranges from 4.1 


11.5 Global State of Precision Agriculture 


371 


to 30.8 ha and even bigger farms in northern parts. This difference of range explains 
the difference in adoption of PA in Poland farms. Glaciation increases the potential 
adoption of PA [73, 77]. PA is also being taught in few universities for research 
purposes. The current condition of PA in Poland is as follows: 

• The PA tools being used include: GNSS autosteers and lightbars, and auto section 
control of spreaders, sprayers, and planters. These technologies are saving 5- 
15% for the farmers. Software-based GNSS technology is being used by very 
large farms. 

• Yield mapping is being used for grains, however, is quite limited due to lack of 
proper calibration system. 

• Soil sampling and soil fertility map is being created by companies and consul¬ 
tants; variable rate application of the fertilizers, using active optical sensors, is 
being applied on very big farms. Few dozen farms are also using variable rate 
application of pesticides and variable rate seeding. 

• A very few companies are offering soil mapping by management zones using soil 
electro-conductivity and facility of satellite images for estimating yield potential 
and biomass production. 


11.5.9 Sweden 

The ISPA newsletter (May, 2013) presents the report on development in last 6 years 
and the current condition of PA adoption in Sweden. PA is regarded as one of the 
important means to increase sustainable food production which also stressed by the 
National Food Strategy for Sweden by 2017 (Government bill 2016/17:104). The 
access to useful digital data and digital transformation is beneficial for development 
of digital equipment in an effort to increase PA adoption [94, 106]. Approximately 
all farmers in Sweden has access to the digital decision support system which has 
been proved to be key aspect in spreading of PA [34]. 

Crops AT, a satellite-based imaging system was launched in 2014 and since 
its inception is being used in variable rate application (VRA) of grain crops and 
nitrogen. This system has paved the way for the development of other imagery 
systems. It was the first system developed in partnership with university researchers, 
authorities, private enterprises, and advisory organizations. It is available in multiple 
languages and can be used globally. 
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Digital Soil Map of Sweden (DSMS) is an open access soil database. It predicts 
values for soil texture every 50 m and has been used in different decision support 
systems, e.g., a web-based application Markdata.se. Mark.se can be sued by farmers 
to produce VRA seeding and prescription files for liming. It is an interactive 
application which can upload users soil data to become more accurate locally. Drone 
is still not being used in practical PA in Sweden, however, availability of Solvi.nu, 
a decision support system for drone images, can make the adoption process faster 
[41, 113]. 
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12.1 Introduction 

The application of uniform irrigation leads to under- or over-watering, if there is 
no information available on soil and crop conditions [4] . The variable-rate systems 
can be utilized to efficiently use water. Although saving water is the biggest driving 
factor behind switching, but other advantages include: erosion prevention, reduced 
maintenance cost, avoiding fines for not using enough water, and limiting nutrient 
runoff [25]. Using the current irrigation systems, Chemigation, without involving 
any human, uniformly applies chemicals that too without danger of exposure. Smart 
irrigation system is accepted as beneficial technology; however, its adoption can be 
delayed because of cost involved in replacing or modifying the current equipment. 
A balanced approach would be to use cheaper valves in place of expensive pressure 
control nozzles [4, 46]. 

There have been a lot of investigations done towards the application of smart 
irrigation for delivering cheap decision-making solution in an effort to improve its 
adoption rate [25, 28]. A challenge could be the lack of interdisciplinary approach 
to fill the gap between machinery and agricultural requirements. A hardware-based 
system might be cumbersome and expensive to adopt for different crop and soil 
conditions, whereas a software-based solution can flexibly address this challenge. 


12.2 Types of Sensor-Guided Irrigation Systems 

Many different types of techniques are used for autonomous irrigation systems (e.g., 
drip, surface, and sprinkler). The percentage of land irrigated by sprinkler, gravity, 
and drip/trickle systems in the Great Plains is shown in Fig. 12.1. In this section, the 
different types of irrigation systems are discussed (Fig. 12.2). 
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□ Drip ISurface ISprinkler 



Fig. 12.1 Ratio of different sources (gravity, sprinkler, drip/trickle) used for land irrigation in great 
plains [15] 
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Fig. 12.2 Organization of the chapter 


12.2.1 Center Pivot System 

Infrastructure is required for field management practices such as center pivot 
irrigation system. This system needs more advanced communication capabilities 
to be able to communicate and control the center pivot using lOUT soil moisture 
measurements. A list of required features in a center pivot system for autonomous 
irrigation is given below [65]: 

• The center pivot location/angle can be graphically viewed online. 

• The pivot can be remotely controlled online for speed, irrigation application rate, 
etc. 

• Operational information and data can be viewed and stored. 

• Pivot point operating water pressure can be monitored. 

• Operating direction of the pivot can be changed. 
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• AS/RS status can be monitored. 

• End gun operations, including the water application rates, can be controlled. 

• The system can be run “dry” or “wet.” 

• Text alerts can be sent if any operational or safety issues are encountered. 

In addition to the remote control and operation hardware and software, the center 
pivot nozzle sprinkler nozzles should support variable water application capabilities 
as well as support to enhance the uniformity of the water application. The variable 
rate center pivot and all of the hardware and software components as well as all 
agronomic and soil management practices lead to an efficient design of autonomous 
irrigation system [36, 44]. 


12.2.2 Drip Irrigation System 

Drip irrigation system (DIS) is a water system which uses low pressure to water 
small lawns and gardens using different methods. It differs from other irrigation 
methods in that it uses less amount of water to keep the roots moist instead of 
soaking it. The drip system can be hidden under the mulch with water spraying part 
above the mulch or kept above the soil or mulch with plants hiding it as their size 
increases with the growth. As discussed above it gives an advantage of using less 
water as compared to the other counterpart options such as UG sprinkler systems and 
lawn sprinklers. Moreover, customized water can be applied using drip irrigation 
system by restricting watering in some areas and allowing in others. 

Following are some advantages of drip irrigation system: 

1. Conserves water by preventing over-spraying, hence, reducing evaporation and 
environmental effect. 

2. It can directly connect to the hose spigot with having to do cuts in home water 
supplies. 

3. It can be placed underground eliminating the need of trenches. 

4. It provides customization for water spray control and container in which it can 
be placed. 

5. It prevents over moistening which, otherwise, can cause fungal diseases. 


Components of Drip Irrigation System 

While creating a DIS yourself, make sure to buy all components from the same 
manufacturer. Soaker hoses is a simplest DIS with small holes allowing water to 
come out. However, this cost-efficient solution uses more water than a normal 
DIS. Another alternative to create a DIS is using an entire system kit to create 
a customized DIS. KIT integrates the components to create DIS for specific 
applications, e.g., for flowerbeds, vegetable gardens, landscape plants (shrubs and 
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trees), and container plants. These kits can also be extended as per the need of the 

user. Various components of DIS are given below: 

• Backflow preventers —Also known as anti-siphon devices, do not allow the DIS 
water to go back to water supply so that drinking water is not contaminated while 
system is switched off. 

• Pressure regulator —Balances the pressure between the home water supply and 
DIS; otherwise, the water pressure of home supply is much greater than the water 
pressure at DIS. 

• Filters —are used to prevent clogging in the tube caused by the debris. 

• Fittings —are used to connect all the system components together. 

• Stakes —are used to secure all the system components together. 

• Risers —are used to bring the water emitters to the top, i.e., at the level of plants. 

• Timers —are used to prevent overwatering by setting the time to automatically 
switch DIS on or off. It can also be controlled via smartphone or computers by 
connecting it with the home automation system. 

• Hole punches — are used to create the holes in the tube which is connecting 
emitters. Plugs can be used to stop holes punched by mistake. 

Emitters —Emitters are connected with the tubing system and it emits water 
through tubes. Its flow rate is given by gallons-per-hour (GPH) and it depends 
on the type of soil and plant being watered. Every emitter has maximum water 
pressure mentioned in pounds per square inch (PSI). 


12.3 Development Challenges 

The challenges which were addressed while developing the system are [65]: 

• Deployment of a field network capable of measuring the soil moisture levels, 
temperature, and radio communication metrics. The desired network must be 
low-maintenance, be durable in all-weather condition, and not affect other farm 
activities. 

• Characterization of the underground/aboveground wireless channel 
to determine communication reliability. Communication and channel 
characteristics are quantified by using different metrics, e.g., coverage distance 
and received signal strength indicator [31, 60]. 

• Back-end software development for data management and visualization. 
WUSN networks produce glut of important data. All this data must be dynami¬ 
cally received and stored on a cloud application online (via GPRS/3G/4G link) 
and offline mode (locally). A cloud application can be used for monitoring, e.g., 
sensor nodes communication, and visualizing, e.g., real-time the power status, 
purposes. Eurthermore, visualization can also be used to locate disconnected 
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sensor nodes, for visualizing historical readings such as soil moisture readings, 
radio packets location, last reported pivot angle, timestamp, and signal strength 
of packet received from each underground node [12, 63]. 

• Usage of test software to interact with commercial irrigation solutions. Some 
studies are done on irrigation system controllers; however, most commercial 
deployments use industrial solutions. These solutions come with a proprietary 
cloud-based control system with no facility of customized programs development 
using APIs. The control systems are programmed using a test software [26, 50, 
52]. 


12.4 Irrigation System Components 

An advanced CP irrigation system can be used to study the long-term effects of 
water stress and yield relationships, variable rate irrigation and fertigation, crop 
water and nutrient uptake, develop crop production functions, and other related 
issues. These studies can be done under full and limited rainfed and irrigation 
settings [10, 11]. Figure 12.3 shows the overview of irrigation control system [20]. 
The GPS unit at the end tower in the center pivot can be used to control various 
irrigation and other operational aspects in addition to these state-of-the-art features 
in control units of the center pivot. The characteristics of a typical center pivot, 
where 45% of land is under the outer two spans while 2% is under the first span 
are shown in Fig. 12.4. The components of irrigation system are described in the 
upcoming section: 


POWER LINE 



Fig. 12.3 The control system diagram 
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12.4.1 Sensing and Communication Nodes 

Sensors are used to get the real information from the field. This information can be 
taken using in-situ sensors, i.e., inside the field, or using remote sensors. The real 
information of the field can be lost, if inaccurate equipment are used. Most sensing 
systems are used for sensing soil parameters; however, spectral imaging can also be 
used to detect plant stress [17, 54]. The sensed data, if not sent immediately to the 
cloud, can be stored locally for later retrieval. In the absence of direct link with the 
controller, an optional gateway is used. 


12.4.1.1 Subsurface Nodes 

The subsurface node is an embedded cyber-physical hardware for sensing and 
communication between different low-powered low-frequencies sensors and radios. 
The subsurface nodes use underground antennas for communications [29, 62]. Soil 
sensors along with dataloggers are also connected to these modes. The information 
from datalogger act as the basis for calibration of soil sensors. The subsurface nodes 
can be buried at different depth in soil and should also support connections with 
soil sensors at different depths generally up to 4 feet [32, 46]. Accordingly, these 
observations can be used for better deployment of advanced irrigation systems. The 
subsurface node deployment should be done considering the impact of crop growth 
and density should be taken into account in the field terrain. Some of the nodes 
should be used in the field as a reference point for measurement calibrations and for 
comparison of sensor readings. 
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For irrigation applications, different types of subsurface nodes can be selected 
(e.g., off-the-shelf and customized) to speed up the development process and achieve 
communication between devices, respectively. These nodes and platform should 
include efficient and high-speed processors, I/O ports, on-board flash storage, 
and serial ports. These are some of the important parameters to be considered 
while subsurface node development because they are used to connect with the 
microcontrollers and GPS modules which communicate with underground nodes 
[27, 34, 38, 43]. 

To provide soil moisture calibration data to the lOUT, the soil moisture sensors, 
temperature sensors, and electrical conductivity sensors can be installed in the center 
location of different grids (see Fig. 12.4) that can be created in the center pivot field 
in spatial and temporal domains that measure soil moisture, soil temperature, and 
electrical conductivity on an hourly basis throughout the growing year. External 
batteries are the power source of subsurface node that can be complemented by 
intelligent uninterrupted power supply (UPS) [19] to control the power management 
and also to report the status of power. A step-down voltage converter can be utilized 
to meet the 5 V power requirement of nodes [31, 54]. Furthermore, during daytime, 
power can be provided by solar panels that can also recharge lithium-ion polymer 
batteries for night usage when solar energy is not available [65]. 

In addition to system upgrades, a prototype enclosure (Fig. 12.5) is required 
to make the nodes fully underground, where connectors can be used for software 
updates along with battery connections for easy aboveground access. The enclosure 
can host these connectors underground, with easy access through a structure close to 
the surface. Accordingly, this new enclosure should be tested during the harvesting 
period for accuracy and durability. 

Due to high signal attenuation in the soil, the low operation frequency and low- 
power transceivers are preferred in underground communication such as WizziMote 
developed by WizziLab [64]. WizziMote combines a Texas Instruments CC430F513 
16-bit ultra-low-power microcontroller unit with four analog to digital input/output 



Fig. 12.5 (a) Underground node placement layout [15]. (b) A prototype of an underground node, 
[61] 
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pins, a CCllOl low-power sub-1 GHz RF transceiver, eight configurable GPIOs, 
and female SMA antenna connector. The microcontroller unit comes with a flash 
memory of 32 KB and a 12-bit analog to digital converter (ADC). It consumes, at 
its maximum capacity, 3.2 mA; however, it has various power saving feature which, 
if enabled, can tailor down the consumption to 1.0 micro Ampere. WizzMote works 
with 433 MHz applications and reports the transceiver sensitivity of —116 dBm at 
0.6 kBaud with a 1% packet error rate, at this frequency [28, 37, 65]. 

The protection of subsurface nodes is an important issue. The waterproof 
subsurface nodes are very important for efficient underground operation [23, 42] 
and can be achieved by using waterproof enclosures. These enclosures come with 
an automatic equalization valve that helps to balance the internal pressure and 
avoid water condensation [65]. It should also provide ease of access through a soil 
structure close to the surface. This enclosure should also be able to handle the weight 
of the farm machinery that is used in harvesting season for collecting crop [33, 35]. 
The electronic equipment can be protected by the PVC enclosures but it has the risks 
of being damaged by the leaks in connectors. 


12.4.1.2 OTA Nodes 

The OTA nodes are designed to study and validate the impact of irrigation system in 
the real-time. Therefore, data is collected using opposite-facing directional antennas 
before and after the completion of irrigation. The improved communications in 
CP help in studying changes in soil moisture. Similarly, customized solution is 
developed by updating on-board models for irrigation systems, in real-time, to reach 
soil moisture level [41, 45]. A modem [21] is used to send data from OTA node to 
server using a wireless mobile communication network. A USB dongle can operate 
at different cellular bands depending upon the availability of services from telecom 
service providers. A voltage datalogger can be used to register the battery voltage 
over time in order to record data for battery replacement needs. The duty cycling 
in underground nodes is important to conserve energy. This can be achieved by 
disabling ports. Moreover, the power can be disconnected and restored after some 
optimal duration to duty cycle the device in the absence of pivot rotation. The 
communication between devices can allow transmitting the additional data together, 
which can be implemented in the control. In addition, modifications to the voltage 
regulation circuit for sampling allow placing a regulator between the battery and 
embedded system, which can solve the problems arising due to the fluctuations in 
the reference voltage. 

Many GPS modules are available with the ability to track multitude of satellites 
on different channels [2]. These are used for localization in this system. The module 
selected should be equipped with high sensitivity receiver, built-in datalogger, 
radiofrequency connector for an external active antenna, and internal patch antenna 
for efficient power performance. Moreover, the high performance antenna with 
thread mount and waterproof capabilities is desirable [9] . 
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The aboveground nodes are also used in the system for retrieving sensing data, 
monitoring the power consumption and battery capacity. These nodes enable the 
power management thread to gather power consumption information from the bat¬ 
tery charging board. This component also enhances the system performance through 
design of a watchdog system and provides better control of the power system. 
Moreover, the antennas can be deployed with a better polarization angle in the 
deployments to enhance connectivity [49, 55]. Figure 12.6 shows the aboveground 
components. The multi-element directional antennas [58] can be employed for OTA 



Fig. 12.6 Experiments for AG2UG and UG2AG communication: (a) Antenna placed in non- 
obstructed direction of AG device, (b) UG2UG experimental aspects which cannot be used for 
AG experiments, and (c) AG nodes grid [57] 
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nodes with support for a wide range of operational frequency in MHz and GHz 
bands. The antennas should support high power and gain with a front to back 
ratio greater than 20 dB. Generally, lightweight antennas are preferable for these 
applications. 


12.4.2 Software^ Flow Rate^ and System Capacity 

12.4.2.1 Software System 

The software are needed in terms of both functionality and to control state-of-the-art 
system architectures. The individual pieces of software that needed to be maintained 
separately can run on a single platform. Accordingly, a visualization system can be 
developed to display information in real-time. The database can be hosted in a server 
with more resources ensuring that multiple connection requests can be handled 
properly. As part of the system, an adaptive control system can be developed to 
support wireless underground sensor-aided irrigation control. 


12.4.2.2 System Capacity 

In addition to the software system components, a real-time capacity and flow rate 
system based on this framework can be developed. A definition of the system 
capacity is provided in Fig. 12.7. Accordingly, soil moisture, location of the center 
pivot, and wireless communication quality information can be displayed in real-time 



Field Area 


Fig. 12.7 Definition of system capacity for a field [15] 
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as data is received. A group of underground nodes can provide individual sensor 
status that is very useful to detect shorted or disconnected sensors. A gauge can be 
utilized to display the OTA battery voltage. Similarly, a map of the underground 
nodes can show the location of the irrigation pivot and the trail of the recent radio 
packages received by each subsurface node. 


12.4.3 Data Collection 

The data collection from the field is important in all seasons particularly in the 
growing season and winter season. Its significance becomes even higher during 
farming operations that include cultivation, spraying, planting, determining the 
amount of irrigation and fertilizer applications, irrigation and fertigation manage¬ 
ment, harvesting, herbicide, insecticide, pesticide, and fungicide applications, and 
other soil and plant management practices [30, 42, 51, 60]. This section discusses 
the message exchange among UG nodes, the AG nodes, and the server. 

To enable an out-of-the-box operation, WizziLab provides a Software Devel¬ 
opment Kit (SDK). This SDK comes with a sample code and environmental 
installation procedures. A quick 433 MHz solution can be developed using the 
wireless communication module of SDK; however, no modification can be made 
to it as it comes as a library. This limits the development of advanced programs 
for WizziMote because of a bug which, upon hardware interrupt, disables the radio 
[39, 48]. SDK handles the radio operation and development is done by application, 
which is the payload of the packets transmitted. The system mainly can use different 
packets for communications. The AG node sends a packet to request soil moisture 
from UG nodes. For soil moisture data collection, different sampling periods of soil 
moisture can be used. UG nodes store these readings with timestamp in device’s 
flash memory. Accordingly, the AG node uses a cellular link to connect and query 
the status irrigation system from the cloud [40] . 


12.5 Management System 

Table 12.1 shows the monitoring, control, communication, and data reporting 
capabilities of center pivot control panels for irrigation and water management 
research infrastructures. The loud-based and mobile applications are used in many 
commercial irrigation system for control and monitoring of the system [59]. 
The programming of irrigation system is done by using a very simple panel 
having couple of buttons. These buttons are enough to implement all options such 
as increasing/decreasing of value and accept/cancel an action. The cloud-based 
applications add more flexibility for the manipulation of irrigation system, e.g., 
scheduling events to occur at certain time. One such event may include start/stop 
the CP at certain time to synchronize the real-time clock. The cloud system provides 
interactive graphical interface with all command options appearing on single screen. 
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Table 12.1 Different panels of center pivot control [13] 



Reinke 

T-L 

Valmont 

Zimmatic 

Monitors 

Position in field and 
travel direction 

Y 

Y 

Y 

Y 

Speed of travel 

Y 

Y 

Y 

Y 

Wet or dry operation 

Y 

Y 

Y 

Y 

Pipeline pressure 

Y 

Y 

Y 

Y 

Pump status 

Y 

Y 

Y 

Y 

Auxiliary components^ 

Y(7) 

Y(2) 

Y(6) 

Y(3) 

Stop-in-slot and auto restart 

Y 

Y 

Y 

Y 

Wind speed 

Y 

N 

Y 
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Controls 


Start and stop 

Y 

Y 

Y 

Y 

Speed of travel 

Y 

Y 

Y 

Y 

Auto restart and auto reverse 

Y 

Y 

Y 

Y 

End gun 

Y 

Y 

Y 

Y 
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pressure shutdown 

Y 

Y 

Y 

Y 

High and low voltage 
shutdown 

N/Y 

N/Y 

Y/Y 

N/Y 

System stall shutdown 

Y 

Y 

Y 

Y 

Auxiliary components 

Y(7) 

Y(2) 

Y(6) 

Y(3) 

System guidance 

Y 

Y 

Y 

Y 

Maximum control 
points per circle 

3600 
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72 
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Sprinkler application zones 

2 

3 

30 

NL 


Remote communications 


Cell phone 

Y 

Y 

Y 

Y 

Radio 

Y 

Y 

Y 

Y 

Computer 

Y 

Y 

Y 

Y 

Subscription required 

Y 

Y 

Y 

Y 


Data collection and reports 


Soil water content 

Y 

Y 

Y 

N 

Precipitation per season 

Y 

Y 

Y 

Y 

Application date and depth 

Y 

Y 

Y 

Y 

Irrigation events per season 

Y 

Y 

Y 

N 

Chemical application rate 

N 

N 

N 

Y 

Chemical application 
per season 

N 

N 

N 

Y 

System position by date 

Y 

Y 

Y 

Y 


^Y(v) means that panel can control up to x number of auxiliary components 
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Moreover, the lOUT can collect the soil information from the system using a 
mobile sink. The sink can be attached on the top of the controller tower where two 
opposite-facing antennas for receiving data from the nodes at different distances 
can be employed using solar panel as an energy source. Accordingly, the subsurface 
devices installed in the field can measure soil moisture and temperature from 
different types of soil sensors buried at different depths. The nodes can employ 
batteries as a power source. The sink nodes then collect the spatio-temporal 
information from the subsurface nodes and send it over to cloud using OTA 
communication which further interacts with the CP controller to automate irrigation 
control [26, 47, 49, 55]. A data analysis flow chart is shown in Fig. 12.8. 



Fig. 12.8 Data analysis flow chart [6] 
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Fig. 12.9 (a) Pressure loss because of pipe friction due to flow of water [15]. (b) Sprinkler 
pressure dependent upon pressure loss occurring due to friction, varying elevation flelds, and pivot 
inlet pressure 


12.5.1 Control and Actuation Nodes 

Studies such as [3, 7, 14, 18, 30] use actuator as a microcontroller attached to 
an on/off valve. This valve is used to control the water flow of an irrigation 
system and is similar to a drip [5, 22, 56] and [14]. The works [3, 40, 43, 53] 
provide a comprehensive design of an actuator interacting with whole system using 
a communication protocol. The water flow is regulated by the solenoid valves 
and power to valve is manipulated by latching circuit which takes signals from 
microcontroller I/O pins. This latching circuit makes the system power efficient by 
applying short pulses instead of using continuous signals to control the system. The 
pressure available to a sprinkler along pivot lateral is shown in Fig. 12.9. 


12.5.2 Commercial and Cloud Nodes 

As in the case of actuator, controllers are also application speciflc and multiple 
parameters must be considered while designing controllers. There can be in-situ, 
remote, or cloud-based controller; standalone or shared with other task; hardware 
could be a cost-efficient microcontroller or an expensive full-fledged computer 
system. An in-situ controller can also act as gateway which makes irrigation 
decision after receiving and processing information. These works [14, 35] suggest 
a use of real-time operating systems so that execution of all instructions can be 
ensured. 

In [56], a WSN is implemented for application of peach trees monitoring and 
achieves 72% reduced water consumption. The controller takes decision based on 
weather and precipitation probability data taken from cloud. If any of the three 
deployed sensors values goes below the lower threshold, the system starts watering 
the tree. Due to deep deployment, the upper threshold overshot which, otherwise. 
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would have added significant value to savings. In [14], the authors have used 
hydrological model to determine exact amount of water to apply. The value for 
average correlation coefficient of the model estimation and field measurements is 
0.9331. For both studies, a valve was used as an actuator to control the water flow 
from irrigation system. Gutierrez et al. [8] and Salam [41] recommend to consult 
farmers for marking threshold values for the irrigation system. In addition to soil 
moisture value, they also measured soil temperature and started the irrigation every 
time the threshold of soil moisture and temperature was crossed. 

There are no commercial controllers with specific features. This fact motivated 
[7, 38] towards designing a Wi-Fi re-programmable precision irrigation control 
system. It is powered by solar radiations and uses the threshold approach as given in 
[36, 56]. The commercial irrigation system mostly comes with a proprietary control 
and modification can end up in losing warranty or service term; however, they come 
with a cloud-based or graphical interface controls and can be extended by writing 
macro-like scripts for inclusion of data from other sources. Major applications of 
microcontroller agriculture are to sense crop and soil properties. It reduces the role 
of humans by remotely collecting the data using wireless transceivers. The system 
can be customized to one’s need by using different communication technologies 
such as Bluetooth, ZigBee, and Wi-Fi and too without losing long range and 
power-efficiency. However, it would be difficult to combine solutions from different 
vendors because there is no standard protocol [1, 39]. 

The difference between the prototype and commercial irrigation control system is 
that the former can be customized for water flow control [22, 24, 36]. There is very 
limited space of customizing control in commercial systems and due to warranty 
restrictions internal circuitry cannot be manipulated. The commercial systems come 
with the support of cloud-based interface and/or mobile applications for sending 
operational commands and visualizing status of the field. Figure 12.10 shows the 
system architecture. 

The cloud-based controllers have their own limitations which must be addressed 
in order to implement a reliable system. A reliable network is the key to reliability 
of the system because it provides access to Internet. Loading time of the web-page 
depends upon the load on the network. A re-designed website may warrant rendering 
of replay commands and redesigning of control interface. It is also important to 
mention here that using web-page also brings its own challenges, e.g., time out 
between the commands can add extra time in executing an action. A modular 
approach can be followed while designing the adaptive control system to effectively 
address these limitations with major changes to the system. 


12.6 Global Positioning System in Decision Agriculture 

The decision irrigation relies on accurate location information to control the 
irrigation system. However relying solely on GPS information can lead to significant 
errors in precision irrigation applications. While higher-end GPS devices may 
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Data input: 

{Input repuiremenls indude date, time, sensor and location in f(eld) 



Key: 



Input or who1a-of-neld data 

Division of field into cells 

Creation, accumulation and management 
of spatial databases 



Control strategies 

Simulation model and display of control 
strategy output 


Fig. 12.10 The variable rate irrigation [16] 


decrease the errors to some extent, GPS errors should be considered in system 
design due to the wireless nature of the GPS system and cost considerations. Due to 
the inherent errors and delays in pivot angle and GPS measurements, a multi-modal 
design with other sources for system localization should be developed to solve this 
problem. Alternatives include using image detection to determine the field location. 
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12.7 Future Research Directions 

The freshwater is important resource and it should be preserved in huge amount for 
a center pivot irrigation system to automatically irrigate based on soil conditions. 
However, decision from such system is likely to have an adverse effect on crop 
yield which requires a long-term commitment in order to study in detail. The 
controller advances should be used to receive information from UG node, buried 
in the field, and also to accordingly set the irrigation rate. However, there is still 
need of improvements. 

Accordingly, such systems should be capable of self-calibrating. To that end, 
remote soil sensing technologies should be used for the sensors adjustment close to 
the surface. GPS systems are very important part of control system and GPS inter¬ 
ferometric refiectometry is a perfectly viable method. The center pivot movements 
can be used to calibrate the UG nodes in the vicinity of irrigation system path on 
the go. The current systems are incapable of employing more sensors and adding 
software components that reduces the efficiency of embedded system in terms of 
low-power consumption. Therefore, there are potential areas in which underground 
nodes can be improved. 
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Variable Rate Applications in Decision 
Agriculture 


© 

Check for 
updates 


13.1 Introduction 

Precision agriculture can be considered as a menu of numerous management 
techniques from which farmer can select one or multiple technologies, e.g., one 
farmer can choose variable rate application (VRA) for nitrogen application and other 
can use VRA for application of all fertilizers. Irrespective of the chosen technology, 
PA can be viewed as a cyclic approach (see Fig. 13.1) which involves collecting 
data, developing plan to manage the farms, implementing those plans, and finally 
evaluating those plans [36, 40]. VRA is one of the most popular PA method for 
adjustable application of fertilizer and chemicals for crop protection. Early VRA 
systems consist of adjusting flow rate through adjusting the speed of applicator [11] 
and provided a starting point for VRA systems (Fig. 13.2). 


13.2 Properties of VRA Control Systems 

Figure 13.3 shows a complex schematic of a VRA system. A typical VRA system 
includes data interpenetration, devising management plans, determining application 
rate, and vehicle related task for application. It is important to note that not all VRA 
system consist of all the elements shown in Fig. 13.3. Similarly, some VRA system 
may have functionalities of multiple elements combined into one. 

Control decision for VRA system can be applied using map-based (also known 
as offline) or sensor-based approach (also known as online). Sensor-based approach 
senses the data and uses it immediately in real-time for automatic control. Map- 
based operation can be divided into two phases: Phase one includes gathering 
and storing the data and phase 2 includes the usage of information by controlled 
equipment in a separate field operation [23, 52]. Although map-based systems are 
popular nowadays; however, real-time sensing systems are becoming mature and 
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Fig. 13.1 



The precision agriculture cycle 



Fig. 13.2 Organization of the chapter 



Fig. 13.3 A generalized schematic of data flow in VRA system [2] 
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Table 13.1 Comparison of 
sensor-based and map-based 
systems [61] 


Sensor-based systems 

Map-based systems 

Human intervention is 
eliminated for data 
collection 

Non-real data can be 
used 

Reduced spatial 
interpolation errors with 
dense sensor data 

Required amount is 
known before calculation 

Suitable for applications 
with high temporal 
variability (soil nitrate 
level) 

Gives more time between 
application and data 
collection allowing for 
intensive processing and 
analysis 


it is possible that sensor-based VRA may takeover in the future. Hybrid systems 
consisting both of the technologies may also become popular. Benefits of both map- 
based and sensor-based systems are given in Table 13.1. 

Map-based technologies can use the historical agricultural and soil data collected 
from different states or region. However, this technique is often questioned because 
it is widely established that crop response may vary from site to site and sometimes 
it even changes within the field [17]. Therefore, integrated decision support systems 
(DSS) can be used with the combination of expert knowledge and data from different 
sources. 

Sensing based technologies use sensors on the applicator vehicle and determine 
the application rate. Most widely used sensing based technology is crop canopy 
reflectance sensing for the assessment and application of nitrogen. Various sensing 
technologies have been used for detection, identification, and quantification of 
weeds as an input to VRA systems. Other online sensors, e.g., soil electrical conduc¬ 
tivity (EC^^) are also used to develop offline control maps for VRA nematicide [37]. 


13.2.1 Control Hardware 

Following hardware enables the operation of a VRA system: 

• Application rate processor. Application rate processor and the associated soft¬ 
ware are the core part of a VRA system. It combines the speed, position, and 
sensed data with the application rate map, and issues the rate command to 
application rate controller. 

• Application controller. It receives the instruction from the application rate 
processor and controls the actuators on the applicator based on those commands. 
It compares the desired application rate with actual application rate and adjusts 
the control signal based on the error rate to minimize the rate. This is a closed- 
loop control operation [25]. 
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• Operator interface. It is a very important part of VRA system. An effective 
operator interface must quickly communicate the complex and continuously 
changing information to the driver. This requirement comes important especially 
when the VRA system is being used in multiple area simultaneously. It must 
allow the operator to dynamically change the operating parameters, fix any 
detected fault, and override the default parameters. The information can be 
provided in the form of readable, audible audio alarms, and graphical interface. 
Similarly, data can be entered using touchscreen [34] . 

Some systems also combine the all or multiple components (application rate 
processor, operator interface, or application controller) into one box and connect 
them with sensor and actuator [31]. 

• Equipment actuators and sensors. Most of the equipment works on the hydraulic 
and electric motors. Liquid fertilizers are pumped through hose and dry fertilizers 
from a holding tank. Application controller controls the delivery rate by taking 
the input signal from the actuator motor speed. In some cases, delivery rate can 
also be controlled by adjusting the size of flow passage. 

• Documentation of application: as-applied maps. The application rates maps 
generated by the VRA systems can be logged with time, distance intervals, GPS 
position, and current rates reported by the controller. This documentation can be 
used to keep record what and how much of it was applied, check compliance with 
environmental regularities for chemical and fertilizer application [18, 28]. 


13.3 Types of VRA Systems 

In this section, two different types of VRA systems are explained. 

13.3.1 Liquid VRA Systems 

This section discusses the following liquid-based VRA systems. 

• Flow Control Methods. There are two ways of controlling flow for VRA. One 
includes varying the concentration of an active ingredient (a.i) and is known 
as Variable Concentration Method. Second method includes varying the whole 
solution, i.e., a.i carrier solution and is known as Total Output Control Method. 
A comparative study of both method is given in [14, 32]. 

Historically, total output method is implemented by controlling the pressure at 
the nozzle which then transformed to electronic spray providing closed-loop flow 
control using pressure and flow sensors and sometime ground speed sensor to 
compensate for variations in travel speed. 

Variable concentration method was first reported in mid-70s [14, 44, 48] and 
[68] tested a laboratory system for injecting concentrated pesticides. However, 
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disadvantage of such is system includes a non-uniform application of pesticides 
and frequent transient error due to operating speed. 

• Section Control Section control method involves division of applicator into 
multiple sections and maintaining the input for each individual section through 
application rate processor. This gives much more independence and control 
over regions within the field. The primary goal of the method is to avoid (1) 
overlapping application in irregular shape of the area and (2) spraying on the non¬ 
target area, e.g., grassed waterway. This method provides good spatial resolution 
of control, therefore, resulted in 15-17% reduction in spray [19, 64]. However, it 
may result in large variations from desired application rate while turning nozzle 
on and off [42, 56]. 


13.3.2 Dry VRA Systems 

This section discusses the following liquid-based VRA systems. 

• Flow Control Methods. There are two ways of controlling flow for VRA. One 
includes varying the concentration of an active ingredient (a.i) and is known 
as Variable Concentration Method. Second method includes varying the whole 
solution, i.e., a.i -i- carrier solution and is known as Total Output Control Method. 
A comparative study of both method is given in [14, 70]. 

Historically, total output method is implemented by controlling the pressure at 
the nozzle which then transformed to electronic spray providing closed-loop flow 
control using pressure and flow sensors and sometime ground speed sensor to 
compensate for variations in travel speed. 

Variable concentration method was first reported in mid-70s [14] and [33, 68] 
tested a laboratory system for injecting concentrated pesticides. However, disad¬ 
vantage of such is system includes a non-uniform application of pesticides and 
frequent transient error due to operating speed. 

• Spinner Spreaders. They use spinning disc to spread the dry granular fertilizer 
(dropped on the disc) in the wide area. They are not used for banded operation 
and are mostly used for the broadcast application. They relatively cover large 
per unit area as compared to other VRA systems and are suitable for the 
application where large volume of application is required. These VRA systems 
are commonly used in the application of fertilizers and pH balancing products 
during harvesting and planting season [26, 43, 51, 71]. 


13.3.3 A Case Study 

A conventional spray application uses a huge amount of pesticides in horticultural 
crop production system to effectively control the pesticides. This problem was 
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Fig. 13.4 VRA case study of a variable rate granular fertilizer [2]: (a) the shaft encoder, (b) 
software program, and (c) data logger 


solved by an automated sprayer shown in Fig. 13.4a. It uses sensor technology to 
apply pesticides as per the crop needs and requirements. The sprayer uses the size 
and shape, presence and foliage density of target area to apply the optimum amount 
of pesticide that too with minimum human involvement. It consists of the following 
components: a laser scanning sensor, a travel speed and nozzle flow control sensor, a 
touch screen, an embedded computer, 40-variable rate nozzles, and a switch box. It 
significantly reduced the over-spray of pesticides while benefiting the environmental 
ecosystem and saving time by fewer refill [46, 53]. 

A system is developed by modifying a commercial self-propelled sprayer (Spra- 
Coupe 3640, Melroe Co., Bismarck, ND, USA). It has the following design 
requirement: (1) Fast rate change, integrated sensing and associated algorithm for 
online N-rate determination and application and (2) ability of using offline data. 
Moreover, system uses a flow feedback system which changes the application rate 
based on pressure of the nozzle to achieve high turn-down ratio. System is controlled 
by a Visual Basic program. This system has hugely evolved by including advanced 
sensors and efficient algorithms for in-season VRA application, it is being used by 
many research projects and is involved in many on-farm research projects [45, 47]. 


13.4 Sustainable Variable-Rate Irrigation Scheduling 

Increasing food demand has given rise to popularity of new generation farming 
technique: Precision Agriculture (PA). The main focus of PA techniques is the 
variable amount of natural components (nutrients, water content, drainage, runoff, 
chemical leaching, and soil components) present in the field [10, 12]. The main 
purpose of PA is to accurately analyze the field variations using modern day 
technologies such as GPS, aerial and remote sensing, satellites, and sensors. As 
a result the farming methods (irrigation and fertilizer management, sowing) can be 
scheduled and applied autonomously [29, 43]. 
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The success of PA-based farming systems depends upon the effective real-time 
evaluation of field which is then used to make timely decisions. For example, it 
is important to have complete knowledge of quantity and time of applying water 
in irrigation scheduling. A successful irrigation management demands accurate 
monitoring of water status for the field under observation. In order to obtain 
optimum crop yield, water in the crop root-zone must be maintained at a certain 
desirable level. A good and accurate irrigation management system can help in 
avoiding financial losses which otherwise may occur because of over- or under¬ 
irrigation, pesticides, nutrients movement, and other water bodies, etc. Hand-feel 
method is the qualitative method and soil sensor is the quantitative method for 
estimating soil moisture levels. If there is no cost-effective soil moisture sensor 
available, then hand-feel method is used for irrigation management purposes. 
However, hand-feel method relies on the person ability of feeling and perceiving 
the soil. This method is prone to human-error and can sometimes be less accurate 
causing financial loss. Therefore, a quantitative method is needed for reporting soil 
moisture status for accurate irrigation management [16, 22, 44]. 

A proper irrigation management is needed to decide the timing and quantity 
of irrigation to mitigate the farmers loss which may occur due to water stress. 
An accurate irrigation can result in increased yield response to other management 
technologies. The farmers profitability is increased by adopting these practices. 
Other advantages of proper irrigation management include: reduced runoff, soil 
erosion, and pesticides in surface and ground water. To summarize, combination 
of an irrigation management system and in-situ water monitoring through sensors 
has great advantage over unmanaged system in that it can prevent water wastage 
while increasing crop yield [15]. 

Traditional soil sensing techniques involve installation of sensor at the start of 
season and are needed to be removed before harvesting begins. These techniques 
are not considered effective for real-time in-situ soil sensing in PA. To deal with this 
situation. Wireless Underground Sensor Networks (WUSNs) have become popular 
recently for such unattended soil monitoring [1, 4, 26, 51, 57, 58, 65]. WUSN can be 
considered as the wireless network of underground sensors nodes communicating 
through soil. A WUSN-based cyber-physical system (CPS) can be considered 
as an efficient solution for the PA which provides detailed soil information in 
timely manner [23, 30, 55]. WUSN proved to be better than satellites and aerial 
remote sensing because of their cost-efficient methodology of providing accurate 
information. Another advantage of WUSN is that they do not interfere with the 
farming operations (planting process and machinery operations) while deployment 
which is a significant improvement over the wired networks which are frequently 
installed/removed while planting process. 

This chapter discuss a Wireless Underground Sensor-Aided Center Pivot 
(WUSA-CP) irrigation system. This system is an application of cyber-physical 
system and presented here as a proof-of-concept. This application uses a center pivot 
system [20, 24, 33]. Center pivot system is a physical system that moves through 
the field and collects soil moisture data from the sensors buried in the ground. To 
that end, some of the challenges faced in implementation of such irrigation system 
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are presented. An important challenge is the difference between underground (UG) 
channel and aboveground (AG) channel as communication in UG channel is affected 
by the soil properties. A WUSN channel model is analyzed and two antenna designs 
are evaluated for verification of the model and WUSA-CP. Moreover, analysis for 
burstiness of the packet error rate and range of communication is also analyzed. 


13.4.1 Central Pivot System 

Cost-efficient and productive methods are constantly being developed in an effort 
to improve the agricultural crop yield. To that end, irrigation with center pivot 
(CP) system 110, 20] is being used to efficiently use and apply water to the fields. 
Figure 13.5 shows the different components of CPS system. It consists of segmented 
pipes with sprinklers mounted on the wheels 13, 10, 20, 35, 38]. The pipe is 
connected to a pivot which is placed at the center of the irrigation field and is known 
as pivot point. The water is sprayed through sprinklers as the machine moves in 
circular pattern. 

A well-managed CP irrigation systems differ from traditional surface irrigation 
systems in that they reduces surface runoff and deep percolation, and requires 
less water application (e.g., up to 40%). Saving water makes more water avail¬ 
able for crop transpiration while increasing the productivity of the crop. Using 
chemigation 110, 39, 40], CP irrigation system can also apply the nutrient to crop 
canopy. Chemigation, in contrast to ground application, enhances the absorption of 
nutrients, fertilizers, herbicide, pesticide, and insecticides by the crop leaves which 
consequently increases the productivity of applied chemical and nutrients. 



Fig. 13.5 Center pivot system (CPS) [8] 
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CP cost prevents it to be used in small irrigation areas and is used in larger areas 
of 3.5-65 ha [10, 20, 25, 28]. A testbed of 22ha is developed at the South Central 
Agricultural Laboratory (SCAL) for experimentation to analyze CP system. 

CP water application can be controlled by either (1) controlling its traveling 
speed or (2) electronically controlling the application rate of sprinklers. First 
method is preferred because of its simplicity, accuracy, and low cost as there is no 
requirement to change sprinklers. For a given flow rate, high speed of CP applies less 
water to the field. Furthermore, water applied through CP system can be adjusted by 
reading the real-time soil moisture data from the field through soil moisture. 

WUSN can be used for failure detection in CP irrigation systems. Normally 
it takes time to detect the failure in the system which can cause sprinkler to 
stop irrigating. One method is to measure the sprinkler rate at discharge point to 
determine the rate at which water is being discharged. However, this requires very 
expensive and sophisticated small sized flow meters which are impractical for the 
real-life implementation. To this end, sensors can be used to generate alert if soil 
moisture level of a region does not rise to a particular level when CP passes through 
that region. Farmers can use these alerts to mitigate the effect of reduced irrigation. 
To that end, an efficient communication system is required for communicating 
real-time data from UG sensors. Next section discusses the one such option for 
implementing communication infrastructure [52]. 


13.5 System Architecture 

Experiments are conducted at South Central Agricultural Laboratory (SCAL), Clay 
Center, Nebraska, using 433 MHz Mica2 [1] sensor nodes. The purpose of the 
experiment is to provide proof-of-concept of autonomous irrigation system and 
investigate the associated challenges. Table 13.2 shows the data (bulk density, 
particle density, and soil texture) of the site, gathered from laboratory analysis, 
where center pivot is located [27] . 

Figure 13.6 shows the experiment setup for central pivot irrigation system in 
the com field. AG node is deployed on the system’s arm at 2.5 m along with UG 
nodes buried at the depth of 35 cm in circular arrangement around the field. This 


Table 13.2 Characteristics 
of soil used in the 
experiments [8] 


Depth 

Texture 

Sand 

Silt 

Clay 

0-20 cm 

Silt loam 

17 

55 

28 

20-60 cm 

Silt clay loam 

16 

46 

38 


Particle density 

Bulk density 

2.66 g/cm^ 

1.3 
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Fig. 13.6 CPS testbed with one central AG node and eight buried UG nodes [8] 


depth keeps the UG nodes safe from farming machinery. For AG and UG nodes 
communication, CP has to be within communication range. CP operates in both 
clockwise and counter clockwise direction. 


13.5.1 Hardware Architecture 

Soil decreases the signal strength (attenuation) and wavelength of the signal [16,22]. 
Phase shifting constant P in equation is related to wavelength kas:k = 27r/y0. This 
relation between k and soil properties requires an antenna designed specifically to 
underground communication, the effective soil permittivity 6 defines phase shifting 
constant ^ and attenuation constant a. It is highly affected by the different soil 
properties such as soil type, soil structure and moisture, and salinity. Peplinski 
model has this property for the frequency range of 0.3-1.3 GHz [11]. The operating 
frequency of Mica2 nodes is 433 MHz. Maximum and minimum values for VWC of 
site are observed for the experimental site. Given this frequency and VWC values, 
UG antenna works between 30-69 cm wavelength. The frequency range for free 
space is 1-1.8 GHz. Therefore, operation frequency of an underground antenna must 
be in the range of 1-1.8 GHz in order to communicate with Mica2 nodes in air. AG 
node uses the antennas with high gain [31]. 

Two different schemes are used for both AG and UG node. In first scheme, 
AG node uses Full-Wave (FW) dipole antenna and UG node uses Ended Elliptical 
Antenna (SEA) [13, 16]. The gain for the dipole antenna is 3 dB. In second scheme, 
AG node uses Yagi antenna and UG node uses a circular planar antenna. The gain for 
the Yagi antenna is 3 dB. The operational range of SEA and circular planar antenna 
is customized as per the application requirement. 
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Fig. 13.7 The program structure for the experiments [8] 


13.5.2 Software Architecture 


In order to avoid the reprogramming of the sensor node for every experiment, an 
application, TinyOS was developed and all experiments were performed with the 
transmit power of 10 dBm. Each transaction involves transmission of 100 packets, 
with 100 ms interval between each packet, in both direction (UG-AG nodes and 
AG-UG nodes). Size of each test packet is 37 bytes. 

Figure 13.7 shows the program structure. UG and AG nodes send and receive 
packet from each other. For each received packet, UG node extracts the timestamp, 
id of the AG node which sent the packet, and RSS of the signal, and stores it in 
the flash memory. Similarly, for each packet received by AG node, it extracts the 
timestamp using its own clock, id of the UG node which sent the packet, and RSS 
of the signal, and stores it in the flash memory. Experiment data is read from the 
flash memory of each node. An important thing to note is that timestamp of only AG 
node is used for the experiment. As the speed of the CP is very slow (0.704 m/min), 
hence, all 100 packets can be considered to be sent from same location. Therefore, 
the timestamp is used to determine the location of AG node [71]. 


13.6 Empirical Results 

The difference between the antenna and transceiver of each Mica2 node is signifi¬ 
cant, therefore, a qualification test is performed before every experiment [61]. For 
this purpose, a through-the-air test with 200 packets of 30 bytes are sent. The test 
identifies the complaint nodes and check if the battery level of a node is above the 
safe threshold. A node will be considered compliant if it satisfies the two conditions: 
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(1) node’s packet error rate (PER) is within the 10% of average PER calculated for 
all nodes and (2) the node’s RSS varies ±1 dB from average RSS of all nodes. The 
safety threshold for battery level is set as 2.5 V. 

A total of five different experiments were performed. Each experiment consid¬ 
ered different soil moisture conditions and vegetation canopy as given below: 

• Static-Dry: Eor this experiment, CP was not used and corn field was used with 
VWC [5] of 16.6%. As the crops were recently harvested, therefore, impact of 
vegetation canopy can be neglected. 

• Static-Wet: Eor this experiment, corn field was used with VWC of 22.7%. As 
field was wet, therefore, no vegetation canopy was there. 

• CP-Crop-SEA-Vert: Eor this experiment, CP was used and com field was used 
with VWC of 22.7%. In this case, the crops reached their maximum height of 
2.85 m, hence, wireless communication had impact of vegetation canopy can 
be neglected. SEA and EW antennas were used for the experiment and vertical 
placement of SEA. 

• CP-Crop-SEA-Hori: Eor this experiment, com field was used with VWC of 
32% and SEA antenna was placed horizontally. 

• CP-Circular-Yagi: Second antenna scheme, with Yagi and circular planar 
antenna, was used for this experiment. Experiments were considered right after 
harvesting with horizontal placement of circular planar antenna and VWC of 
32%. 

Eirst two experiments were used to analyze how soil moisture affects the 
communication. Last three experiments were used CP arrangement similar to shown 
in Pig. 13.6. In order to observe the worst case scenario, the maximum speed of CP 
was used, i.e., 43°/h. 

This section discusses the experiment results to provide proof-of-concept for 
autonomous irrigation system. It also discusses the effect of distance between the 
sending and receiving on UG2AG and AG2UG communication link. 


13.6.1 Communication Range 

A communication window is defined as the time duration in which AG and UG 
nodes communicate with each other and is analyzed first. Pigure 13.8 shows the 
results from CP-Crop-SEA-Hori experiment. With traveling speed of 43°, CPS 
travels the complete field in 8.37 h. It can be observed in Pig. 13.8 that nodes 
communicate for 1.33 h and which is 16% of total traveling time. Communication 
time also varies significantly with longest time being 29 min and shortest is 10 s 
only. 

Pigure 13.9 shows the communication windows for each of the AG and UG node 
in experiment. Eor UG node, communication range is shown as horizontal distance 
and time of AG node while moving. AG approaching UG is indicated by negative 
distance and positive distance represents AG moving away from UG node [48]. 
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Fig. 13.8 Travel timeline for CP-Crop-SEA-Hori experiment in clockwise direction [8] 




(a) (b) 

Fig. 13.9 AG and UG node communication in both clockwise and anti-clockwise direction for 
CP-Crop-SEA-Hori experiment [8] 


It can be observed that communication window varies significantly. In Fig. 13.9b, 
best case scenario occurs when node 2 communicates for a total of 20.6 m by starting 
the communication when AG node is 7.8 m away from UG node and continues the 
communication 12.8 m after the AG node has passed the UG node. Similarly a worst 
case scenario is just 0.5% of best case and occurs when node 6 communicates for 
only 0.11 m. The average communication distance in Fig. 13.9a and b is 8.75 m and 
11.27 m with standard deviation of Sqcw = 5.73 and 8cw = 8.19, respectively. 

For both cases, CCW and CW, the communication distances are quite similar 
which shows that communication quality is independent of the CP movement and 
related to specific location. The variations could be because of irregular soil surface 
which may occur due to farming activities (e.g., plowing) on the ground affecting 
the EM waves dispersion. Even if the nodes are installed carefully, the soil surface 
above the UG nodes can change because of working of agricultural machinery. UG 
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Distance to the node (m) 
(a) 



Distance to the node (m) 
(b) 



Distance to the node (m) 


Distance to the node (m) 


(c) 


(d) 


Fig. 13.10 RSS v/s Horizontal inter-node distance using SEA and FW antennas [8]: (a) AG2UG- 
Clockwise, (b) UG2AG-Clockwise, (c) AG2UG-Anticlockwise, (d) UG2AG-Anticlockwise 


nodes are buried so that AG node can be right above them. This deployment may 
result in some nodes (e.g., node 2) being close to crop canopy and some being farther 
(e.g., node 7). The irregularity can also be seen in the results since crops hinder the 
EM waves propagation. The phenomenon is known as canopy effect and empirically 
analyzed in coming sections. 

Figure 13.10 plots the RSS results from CP-Crop-SEA-Hori experiment for 
AG2UG and UG2AG link. Figure 13.10a and c shows results for AG2UG link in 
CW and CCW direction, respectively. Similarly, Fig. 13.10b and d shows results for 
UG2AG link in CW and CCW direction, respectively. Figure 13.11a and b plots 
the RSS results from CP-Circular-Yagi experiment for AG2UG and UG2AG link, 
respectively [41]. 

The Yagi and circular planar antenna pair achieves a maximum of 65 m commu¬ 
nication range and that of FW and SEA antenna pair achieves maximum of 14 m 
communication range. Hence, the Yagi and circular planar relatively increases the 
communication range by 364-400%. In worst case scenario the communication 
range for Yagi-circular pair is 40 m and that of SEA-FW pair is 8 m. This high 
difference is because of two facts: (1) The return loss of planar antenna (—lOdB) is 
less than that of SEA antenna (—3 dB) in UG deployment and (2) the antenna gain 
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Fig. 13.11 RSS v/s horizontal inter-node distance using circular and Yagi antennas [8]: (a) 
AG2UG, (b) UG2AG 


of Yagi is also higher. The communication distance for Yagi-circular pair is also 
not symmetrical because of directivity of Yagi antenna and asymmetry for circular 
planar are analyzed in Sect. 13.6.2 


13.6.2 Numerical Analysis of the Channel Model 

This section analyzes the model developed from the results. Minimum mean square 
(MMSE) is used empirically to calculate the air attenuation r]* and soil-dependent 
component /C*.^ /C is compared with the model developed. The values for constant c 
are 13.57 dB and 3.57 dB for CP-Crop-SEA-Hori and CP-Circular-Yagi experiment, 
respectively. Tables 13.3 and 13.4 show the results for UG2AG and AG2UG links. 
Model comparison is shown in Table 13.4. /C is calculated from Peplinski model. 

It can be observed in Table 13.2 that attenuation model shows the UG2AG and 
AG2UG link with very low error with max MSE = 5.94. However, large variations 
can be seen based on location. Attenuation coefficient r] varies because of plants 
and 1C varies because of variations in a, ^0, and due to different locations. 

Effective soil permittivity 6 mainly determines these values. These variation shows 
how soil characteristics even within the field. It can be observed in Table 13.4 that 
1C predicted by model is similar to empirical results obtained in CP-Crop-SEA- 
Hori experiments but its accuracy is limited for CP-Circular-Yagi experiment. Yagi 
antenna gain Gy becomes dependent on distance with moving CP because of its 
high directivity. Moreover, the model results are focused for only one point in the 
field. The error in the values predicted by the model is due to spatial variance in 


^For rest of the discussion, empirical estimates are represented by * superscript. 
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Table 13.3 Channel model 
parameters [8] 



Node 


K* 

MSE 

CP-Crop-SEA-Hori (UG2AG) 

Approaching 

2 

4.67 

?>A21 

2.32 

5 

4.21 

29.52 

5.94 

7 

2.68 

48.11 

1.33 

Departing 

2 

4.05 

29.7 

1.52 

5 

5.25 

34.19 

3.70 

7 

3.30 

47.42 

1.51 

CP-Crop-SEA-Hori (AG2UG) 

Approaching 

2 

5.11 

23.87 

1:54 

5 

4.48 

24.43 

5.94 

7 

3.15 

44.38 

3.10 

Departing 

2 

3.53 

31.52 

2.03 

5 

5.58 

27.35 

3.57 

7 

3.84 

42.43 

4.47 

CP-Circular-Yagi (UG2AG) 

1 

5.10 

72.06 

4.69 

3 

4.91 

60.65 

3.22 

CP-Circular-Yagi (UG2AG) 

1 

5.62 

73.02 

4.60 

3 

5.34 

63.91 

3.34 


Table 13.4 Comparison theoretical model computations and measured results [6] 



Node 

n* 

tc* 

MSE 

CP-Crop-SEA-Hori (UG2AG) 

3.16 

40.78 

5.41 

48.59 

CP-Crop-SEA-Hori (AG2UG) 

3.29 

38.46 

5.84 

55.50 

CP-Circular (UG2AG) 

5.01 

66.36 

12A 

48.59 

CP-Circular (AG2UG) 

5.48 

68.47 

6.33 

55.50 


soil. To summarize, the results from the channel model are accurate enough but also 
underscore the importance of semi-empirical models because of uncertainty due to 
soil properties [49, 50]. 


13.6.3 Asymmetry of the Communication Over Distance 

With same horizontal distance, RSS value changes depending on the fact that AG 
node is approaching or departing from the UG node. For Yagi-circular pair results in 
Fig. 13.11a and b, it happens because of high directivity of Yagi antenna. However, 
for SEA-FW pair results in Fig. 13.10a and d has symmetric propagation pattern, 
hence, generating symmetric RSS results. Figure 13.10c and d further analyzes 
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(a) (b) 


Fig. 13.12 Comparison between communication of two nodes with AG node (UG2AG link) in 
both directions [8]: (a) Node 2, (b) Node 5 


this phenomenon of SEA-FW pair for UG2Ag and AG2US links, respectively, by 
experiments while CP is moving in opposite direction A asymmetric communication 
quality is observed for both AG2UG and UG2AG cases. For example, in Fig. 13.10c 
and d, communication between node 5 and AG nodes starts 3 m before the AG node 
approaches node 5, however, both keeps on communicating till 11m after AG node 
departs from the UG node. Furthermore, RSS values can be different when absolute 
distance between AG and UG node is same but side is different. For example, for 
a distance of —5.65 m and 5.4m, RSS is —73.6dBm and —78 dBm, respectively, 
in Fig. 13.10c (CCW). Similarly, for a distance of —5.65 m and 5.4m, RSS is 
—78.9 dBm and —72.7 dBm, respectively, in Fig. 13.10a. A comparison of CW and 
CCW results is performed to determine the reason for this asymmetry [29, 30]. 

Figure 13.12 shows RSS values for UG2AG links of node 2 and 5. it can 
be observed that node 5 communicates better in CCW direction when Ag is 
approaching it and, in CW direction, it is better when AG is departing it. Hence, it 
can be concluded that asymmetry is mainly because of the environment conditions 
(soil surface and crops), antenna placement, and asymmetric propagation patterns, 
rather than the AG node movement [24] . 


13.6.4 Burstiness of the Packet Error 

In an attempt to understand the communication characteristics completely, a CP- 
Crop-SEA-Hori experiment is performed to understand the burstiness of packet 
error. This experiment sends a burst of 100 packets after the communication is 
established between the nodes. The time interval is kept 100 ms between each packet 
within the burst. The number of packet loss between the two successfully received 
packet is selected as the metric for burstiness of the packet error and average error 
is shown in Fig. 13.13. 
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Distance to the node (m) 
(a) 


-10 -5 0 5 10 

Distance to the node (m) 

(b) 


Fig. 13.13 Effect of distance on average burstiness of packet error in clockwise direction [8]. (a) 
AG2UG communication, (b) UG2AG communication 



Fig. 13.14 Lost packet percentage v/s burstiness of packet error [8] 


In the figure, average length of the consecutive packet errors is represented 
by a single point. It is observed that there is no relation between the burstiness 
of the packet error and the distance which confirms the findings of [16] about 
the transitional region of UG communication being very small from over-the-air 
communication. Hence, the error rate is stable while nodes are communicating. 
Figure 13.14 shows the distribution of the burstiness of the packet error. It can 
be observed that with the increase in continuous packet loss, a decrease is seen 
in probability of high burst error. Both UG2AG and AG2UG observe one packet 
loss of 33% and 50%, respectively, between two successfully received packets. The 
maximum size of burst error is 94 packets. Figure 13.14 concludes that AG2UG 
communication link performs better than the UG2AG communication with average 
number of consecutive packet loss of 2.25 which 2.89 in case of UG2AG [38, 39]. 
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13.6.5 Effects of Canopy and Soil Moisture 

Wireless communication is highly effected by the crop growth (increased vegetation 
canopy) [20] and soil moisture [1, 15]. This section discusses how communication 
is effected by these parameters by performing the three experiments explained in 
Sect. 13.5, i.e., Static-Dry, Static-Wet, and CP-Crop-SEA-Vert experiments. Only 
Static-Dry experiment uses dry soil, whereas other two use wet soil. Static-Wet and 
CP-Crop-SEA-Vert experiments are performed with and without canopy present, 
whereas Static-Dry experiment without canopy. 

Eigure 13.15 shows average RSS, RSS variance, and PER for AG2UG and 
UG2AG links in each experiments. The horizontal inter-node distance is kept at 3 m. 
It is observed that PER values are very small to make any meaningful comparison 
but RSS values confirm the expected attenuation differences for all experiments. 
Static-Dry soil suffers the least attenuation because of least amount of soil moisture 
(16.6%) and almost no canopy effect. Second least attenuation is seen in Static-Wet 
experiment with no canopy effect but high soil moisture (22.7%). CP-Crop-SEA- 
Vert is the worst case with most attenuation (6 dB decrease in the RSS ) because of 
soil moisture and canopy effect contributing towards attenuation [27, 35]. 

To understand the effect of vegetation canopy on signal attenuation, the results 
from CP-Crop-SEA-Vert and Static-Wet are compared. It can be observed that there 
is an attenuation increase of 3dB in both AG2UG and UG2AG communication 
links which confirms the results from [6, 20] and is important for developing 
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Fig. 13.15 The received signal strength for different vegetation canopy and VWC combination 
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environmental-aware networking solutions. Similarly, to understand the effect of 
soil moisture on signal attenuation, the results from Static-Dry (VWC = 16.6%) and 
Static-Wet (VWC = 22.7%) are compared. It can be observed that for an increase of 
6.1% in VWC there is an attenuation increase of 3 dB in both AG2UG and UG2AG 
communication links. 

Soil moisture is an important parameter to consider while designing UG com¬ 
munication as it can have negative impact on the signal depending on the soil path 
that signal may have to traverse. These results play an important role in designing 
WUSA-CP. 


13.6.6 The Impact of Crop Growth on Received Signal 
Strength 

To understand the impact of the crop growth on communication quality, the received 
signal strength between an UG and an AG node is recorded for a growing season. 
The RSS is measured when the center pivot is stopped at the south side of the field, 
20 m away from the UG node buried at the south side. 

In Fig. 13.16, the RSS values for both the UG2AG and AG2UG links for the 
period of June 23rd to October 5th are shown. It can be observed that the growth 
of the crops, in addition to the soil moisture level, has a strong impact on the 
communication quality, especially on the AG2UG link. When at the peak of the 
crop growth (2.7 m), the RSS value for the AG2UG link is deteriorated by 25 dB 
(—75 dB to —100 dB. The RSS values vary during July 21st and July 30th due to the 
change of soil moisture caused by precipitation and irrigation. From August 4th to 
October 5th, the RSS values increase gradually due to the drying of the crops at the 
end of the growing season. 


Fig. 13.16 The received 
signal strength during the 
growth of the crops 
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The result of the RSS over time shows that for the application of WUSNs in 
agriculture, the impact of the crops growth should be incorporated into communi¬ 
cation decisions. As each crop may have different growth rates in each growing 
season, tailored decisions are needed to maintain communication quality high with 
low energy cost. This impact on RSS call for adaptive transmit power control, which 
adjusts the transmit power based on the environment factors, such as soil moisture 
level and the growth of the crops. 


13.7 Recent Advances and Future Trends 

VRA systems are widely adopted by many farmers [7, 21, 59, 60, 62, 66, 67, 69]. 
A survey conducted from retail crop input dealers of USA shows that 70% of the 
customers has acquired some sort of VRA fertilizers application and 27% acquired 
VRA pesticide application [9]. Many producers implemented the VRA without 
taking help from their dealers. Producers were more interested in area specific 
application of fertilizers in a controlled manner because 74% of the dealers reported 
average of 33% customers interested in GPS-based section control sprayer. 

The same survey reported incompatibility (mechanical or electrical/electronic) 
of PA technology and equipment as a hindrance to adoption on much wider scale. 
The reason of this could be that many companies offering the PA services uses their 
own equipment and data formats for the data. A standard PA data format is needed 
so that interoperability can be achieved in PA system. 

VRA has provided many environmental and economical benefits by minimizing 
the overall application of fertilizers and pesticides. Environmental benefits of VRA 
are reviewed by Bongiovanni and Lowenberg-DeBoer [5]. Several studies report 
the economical benefits of VRA application [5, 13, 54]. It is also shown that 
VRA system with real-time sensing was more popular than the ones based on soil 
variability. However, [63] reported that if all cost is accounted, VRA systems rarely 
give profit but he also reported that advancement in technologies (real-time sensing 
and DSS) can reduce the cost significantly making VRA a viable option. 

Currently, economic and sustainability features of VRA system are challenging 
aspect for researcher and producer. Development of robust and accurate application 
algorithm can help in widespread deployment of VRA systems [22] . 

Future systems will see a significant improvement in terms of accuracy in spatial 
application of fertilizers and pesticides. Enhanced spatial accuracy can transform 
VRA systems from section control to independent nozzle control. Advanced 
equipment design and control systems can be used for accuracy in application 
rate by reducing error rate. An improved sensing and decision support system will 
optimize the future VRAs. 

Future VRA systems will use the combination of real-time sensed data, weather 
forecast, and mapped soil information to predict the need of crop. However, 
issues like interoperability, security, connectivity, and privacy should be resolved 
to accomplish this. 
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Path loss exponent, 109 

Peplanski model, 306 

Peplinski model, 305, 310 

Percolation, 41 

Permittivity, 168, 219 

Phased array element, 240 

Phase shift constant, 87 

Pipeline monitoring, 218 

Planar antenna, 198, 208, 209 

Planar electromagnetic sensors, 347 

Planer antennas, 185 

Planters, 371 

Plant management, 389 

Poland, 370 

Pore spaces, 10 

Porosity, 41 

Power delay profile (PDP), 137, 303, 308 
values, 117 
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Index 


Power spectral density (PSD), 134, 307 
Poynting vector, 87 
Precision agriculture, 4, 218, 299 
Preface, vii 

Procrustes analysis, 340 

Propagation constant, 55 

Propagation loss, 168 

Proximal crop canopy sensors, 252 

Proximal sensor, 254 

Proximal soil sensor, 257 

Pulse-amplitude modulation (PAM), 132 


Q 

Quadrature phase shift keying (QPSK), 132 
Quasi-static assumption, 45 


R 

Rain rate, 46 
Rainy troposphere, 44 
Real-time sensing, 321 
Received signal strength (RSS), 90,168, 324 
Reference distance, 110 
Reference voltage, 386 
Reflected waves (RW), 11, 82,197,219 
Reflection coefficient, 78 
Refraction, 9 
Refractive index, 89 
Relative permittivity, 6, 303 
Reliable communication, 23 
Remote sensing, 267, 299 
Reservoir monitoring, 337 
Resonant frequency, 54,171,192-194,196, 
198, 222, 324 
Response index (RI), 255 
Return loss, 78,168, 169,194,197, 204, 222 
Root mean square (RMS), 92 
Routing, 152 


S 

Saharan desert, 44 
Salinity, 51 
Sandy, 97 

Satellite communication systems, 323 
Sedimentary rocks, 39 
Self-propelled sprayer, 404 
Sensor-guided irrigation system, 82 
Signal-to-noise ratio (SNR), 133-135,173 
Silt loam, 97 
Silt particles, 10 
Silty clay loam, 97 
Single array element, 221 


SINR, 157 

SMABF element excitation, 237 

SMABF steering, 230 

Smart irrigation, 379 

Smart lighting, 117 

Software deflned, 243 

Software Deflned Networking (SDN), 25 

Software deflned radio (SDR), 138, 300, 306 

Soil, 219 

Soil-air interface, 224, 309 
Soil-air interference, 197 
Soil attenuation, 83 

Soil-based UG channel estimation, 175 
Soil maps, 357 
Soil matric potential, 305 
Soil moisture, 51,168,182,197, 308 
Soil moisture adaptive beamforming 
(SMABF), 218 
Soil moisture sensors, 21, 218 
Soil monitoring, 12 
SoilNet, 9 

Soil permittivity, 7,43,167,190, 228, 308 

Soil texture, 11, 51,182, 200 

Spanning tree, 156 

Spreaders, 371 

Standard deviation, 109 

Stationary soil sensors, 259 

Stationary TDR, 260 

Statistical procedure, 364 

Stratifled media, 13 

Sub-carrier bandwidth, 173 

Subsoil, 6 

Subsurface node, 384 
Sweden, 371 
Symbol period, 93 
System bandwidth, 346 
System capacity, 388 


T 

Telecom service providers, 386 
Temperature probe, 21 
Tensiometers, 259, 265 
Tensionmetry, 14 
Terrestrial networks, 23 
Thermal sensors, 262 
Through-The-Earth (TTE), 6 
Through-the-soil, 84 

Time-domain reflectometry (TDR), 259, 299 

Time-domain transition (TDT), 259 

Time-domain transmissivity (TDT), 277 

Topology, 5 

Topp model, 306, 310 

Topsoil, 6 
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Transmission power, 109 
Transmitter-receiver separation, 94 

U 

UG-AG Channel, 158 
UG-UG Channel, 158 

UG2UG Communication Beam Pattern, 228 
UHF bands, 7 
UK, 370 
Ukraine, 370 

Ultra wideband elliptical antenna, 9 
Underground (UG), 152 
antenna elements, 217 
Beamforming, 220 
beamforming, 221 
channel, 132,138, 301 
channel capacity, 168 
channel modeling, 301 
communication, 6,153,194,197, 217, 220, 
301 

communication links, 225 
communication system, 218 
deployment, 152 
nodes, 24 

phased array antennas, 239 
radio, 174 

Underground-to-aboveground (UG2AG), 82, 
157,161,198 

Underground-to-underground (UG2UG), 81, 
201 

Universal Software Radio Peripherals 
(USRPs), 101 

Unmanned aircraft systems (UAS), 267 

V 

Variable-rate application, 357 

Variable rate fertilizer, 347 

Variable rate irrigation (VRI), 299 

Variable water application, 381 

Vector network analyzer (VNA), 65,194, 300 

Vegetation canopy, 417 


Vegetation index (VI), 254 
Virtual arrays, 234 
Visualization system, 388 
Visual networking index, 4 
Volumetric water content (VWC), 6,160,182, 
183,199,204, 305, 306, 330, 344 


W 

Water absorption, 47 
Water potential, 342 
Water stres, 383 
Wavelength, 203, 219 
Wavelength in soil, 87 
Wave propagation, 12 
Web soil survey (WSS), 346 
WeedSeeker Spary system, 253 
Weibull probability, 113 
Wideband antenna, 197, 198 
Wideband antenna arrays, 221 
Wideband Gaussian signal, 100 
Wideband planer antennas, 184 
Wideband planner antennas, 208 
Wireless communication, 153,167, 200 
Wireless underground channel, 82,182 
Wireless Underground Channel Capacity, 167 
Wireless underground communications 
(WUC), 3,299, 301, 307, 308, 344 
Wireless underground sensor networks 

(WUSNs), 61,125,153, 154,157,184, 
185,199,218,278 
WUC security, 23 

Y 

Yagi antenna, 414 
Yield monitoring, 346 

Z 

Zenneck waves (ZW), 48 
ZW model, 48 


